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THE   PREPARATION    OF   METALLIC 

COBALT  BY  REDUCTION  OF 

THE   OXIDE 


IXTRODUCTOUY 

The  gencrul  invcstiKtition  of  the  metal  col)alt  and  its  alloys,  for  the 
purpose  of  fiiidiiin  increased  coniinereial  uses  for  them,  has  been,  and  is 
being  conducted  aioni;  tiie  following  general  lines:    - 


The  Phkpauatiox  of  Mktali-ic  C "obalt  by  Reduction  of  the 

Oxide. 
A  Study  of  the  I'iiysual  Puopeutie.s  of  the  Metal  Cobalt. 
Electko-Pl.\tinu  With  Cobalt  and  its  Alloys. 
Cobalt  Alloys  of  Kxtreme  Hakdne.ss. 
Cobalt  Alloys  With  Xon-Cokhosive  Pkopekties. 


I. 

II. 
Ill 
IV. 

V. 

VI.  Cobalt  Steels. 

This  pai)er  is  Part  I  of  the  above  series,  and  is  a  report  of  researches 
conducted  at  the  School  of  Mining,  Queens  University,  Kingston,  Ontario, 
for  the  Mines  Branch  of  the  Department  of  Mines. 

In  connexion  with  all  ol  this  work  it  has  l)een  necessary  to  prepare 
considcrabK-  (luantities  of  the  metal  in  as  i)ure  a  state  as  possible.  The 
process  for  the  preparation  of  fairly  pure  cobalt  oxide  has  been  very  com- 
pletely worked  out,  and  has  been  practised  on  a  large  scale  at  >?veral  Canadian 
smelters.  For  this  reason,  the  oxide  was  chosen  as  a  raw  material  from  which 
to  prepare  the  metal. 

As  the  vvoik  progressed,  it  became  more  and  more  ajiparent  that  some 
of  the  uses  for  the  metal,  which  were  being  demonstrated  at  the.sc  labora- 
tories and  elsewhere,  would  probably  lead  to  the  |)reparation  of  the  metal  in 
large  quantities  at  some  of  the  Canadian  smelters.  Hence,  it  became  of 
increasing  importance  that  the  metallu/gy  of  the  preparation  of  the  metal 
from  the  oxide  be  studied.  This  has  been  done  with  greater  care  than  was 
necessary  merely  for  the  production  of  the  quantities  required  fr  experi- 
mental purposes. 

There  are  four  method^  of  reducing  commercial  cobalt  oxide,  ii  order 
to  obtain  metallic  colialt  in  reasonably  pure  form: — 

I .  By  Reduptiox  With  (  'arbox. 

II.  By  Reduction  With  Hydkooen  (!as. 

III.  By  Reduction  With  C.^rbon  Mo.noxide  Gas. 

IV.  By  Reduction  With  Aluminium. 

Each  of  those  methods  has  been  studied  at  considerable  length,  and  this 
paper  is  a  report  of  the  results.  It  should  serve  as  a  guide  to  tho.se  who  will 
subsequently  be  interested  in  the  preparation  of  metallic  cobalt  in  large 
quantities. 
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Purification  of  Cobalt  Oxide 


Cohalt  oxidr  !is  we  ohtaiiitd  it  from  the  stm-ltcrs 
niurkct,  unaly.-icil  upproxiiiiiitcly  us  follows;  — 
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Afi!;!\scs,  of  coiirsc.  vury  widely  from  one  shipment  to  another;  the 
above  sumples  ure  hinh  in  Fe,  S,  and  Cu.  und  would  he  considered  hv  most 
smelters  as  No.  2  urade. 

Metal  produced  from  oxide  analysing  as  al)ove,  is  of  sufficient  purity 
for  most  purposes.  This  is  especially  true  if  lime  lie  ailtled  to  the  melt  to 
slajs  olV  the  sulphur,  flowevcr,  for  other  purposes  metal  is  retiuired  in  which 
the  impurities  nickel,  iron,  sulphur,  arsenic,  and  silica  are  reduced  to  very 
small  percentanes.  Starting  with  a  cruile  cobalt  oxide,  these  impurities 
may  be  reduced  as  far  as  is  desired  by  the  following  procedure. 

.SfVi'ca. — Dissolve  the  crude  oxide  in  hydrochloric  acid  according  to 
the  reaction, 

('o,(),+8  H(l  =  3  (•o(l..+4  H,()+('U. 
This  may  best  be  <lon«'  by  heating  and  agitating  with  steam.  If  silica  is 
present  it  \yill  not  dissolve,  and  may  be  removed  by  filtration  or  decantation. 
The  same  is  tru<'  of  silii'atis  which  are  not  decomposed  by  this  treatment. 
Decomposable  silicates  would  send  a  certain  amount  of  silica  into  solution, 
which  would  be  thrown  out  again  during  the  next  step,  and  be  filtered  off 
with  the  arsenic  and  iron. 

Iron  ami  .l;-.se«/c.— To  the  cobalt  chloride  solution  formed  bv  dissolving 
the  oxide  in  hydrochloric  acid  as  above,  gradually  add  finelv  divided  CaCO, 
or  ()ure  marble,  until  no  further  precipitate  is  formed,  this  calcium  car- 
bonate addition  will  piecipitaie  a  heavy  brown  mud,  which  contains  the  iron 
and  arsenic  content  of  the  original  oxide. 

A'/(A«7.— I'or  most  purposes  it  will  not  be  necessarv  to  separate  the 
small  amount  of  nickel  from  the  cobalt,  but  if  this  is  desiralile  it  may  be  done 
as  follows.  The  cobalt  chloride  solution,  containing  a  certain  amount  of 
nickel  chloride,  is  of  an  intense  red  or  claret  cohiiir.  .\dd  a  solution  of  bleach 
to  this  mixed  chloride  solution  until  it  has  almost  completelv  lost  its  colour. 
The  bh'ach  solution  <litrereiitially  precijjitates  hydrates  of  nickel  and  cobalt, 
so  that  the  nickel  is  not  aiijireciably  brought  down  until  the  cobalt  has  been 
almost  entirely  precipitated. 

The  bleach  will  precipitate  a  black  hydrated  oxide  of  cobalt,  and 
the  diminishing  redness  of  the  solution  will  indicate  the  end  jioiiit.  If  all  of 
the  steps  above  outlined  have  been  applied  to  the  original  oxide,  this  final 
black  precipitate  may  be  calcined  at  about  7.')()°  ('.,  to  yield  black  Co.O,. 

Sidiihtir.—Xny  sulphur  which  was  present  in  the  original  oxide  and 
which  has  been  carried  throut,li  to  the  final  product,  or  which  mav  liave  been 
introduced  with  the  bh-.-ich.  may  readily  be  removed  bv  boiling  the  final 
dried  oxide  with  sodium  carbonate  and  dilute  hydrochloric  acid  as  follows. 


4 

T»i.-  Xn,C(),  r.>a<-ts  with  t\w  sulphur,  in  the  form  <.f  sulphut.-  uft.-r  th.-  eaici 
ation,  uci'onluin  to  the  riartiim. 

_,.  <'»>«».-t-N'ii,('0,  =  \ii.S(».-f('ii((),. 

The  sohji.le  Mxhuin  sulphiitf  fortii.'.l  i^.  wushc.l  out  with  wat.r      \  furti 

Wttshir.K  IS  Kivcn  with  <lihit<-  hydnxhh.ric  aci.l.  which  .hcon ms  the  caUii 

carbonatt-  into  soluhh^  nihiuni  chiorid.-  and  (  <  >,  kus.  Th.-  (  ul  I .  is  wasn 
out  with  wat.T.  This  luHho.!  is,  of  rours,.,  only  apph.al.lr  for  thr  r.mox 
of  8mall  permitam's  of  (a  an.l  S,  as  th.y  arc  f.>uii<l  in  tl xi.l.s  in  (|u»-sti(i 

A  8hipnu-nt  of  oxitif  fron>  tlio  Mini-lter  unalysinK 

IJ? 7(i:«i'^ 

Ni \l>'l 

';•' OS']';' 

7 o-io'; 

^^ o-io'; 

^^, »-"'; 

^■^'' ()-2o'; 

wa-s  tn-ated  hy  the  alK)V.>  method,  an.l  tin-  imj.urities  th.T.-l.v  r..<hiciM  t.)  tJ 
lollowinn  very  small  am.)unts:— 

^^? 7!  ■««)'•; 

iJ' O'CMi'-;, 

r o-ik; 

ri o-()20':c 

A^ »o2i';. 

f;* ; none 

^'<>' mme 

solutum  n.ay  1...  fr.;...l  .,  .ts  SO.  ....nt.nt  with  Ma(  •!,.,  an.l  th.-  (a  an.l  ..x.cs 
_  a  pr..,'ip,tat,.,l  with  Na.CO     thus  yi.-i.lii.K  a  fairly  pun-  soluti.,n  of  so.l; 

•n  ',":'.  "^  •,;"""■"','•'  "'■'■  *"'''-•  "'''"'""  "'">•  '"■  I"'ripitat..l  witl 
liaM-an.l  th..  .litl.T.'ntial  pr...Mpitation  ..f  .-oLalt  an.l  ni..k..l  a...-.,n.piish... 
with  th.'  punficl  s.)lution  .)f  s.i.la  hlca.-h. 


PREPAUATIOX  OF  METALLIC  (ORALT  HY  HEDICTIOX  OK  THI 
OXIDE  WITH  CAHHOX 

Method  of  Experiment. -ThvM'  vxvvnnu'nts  all   consist...l   in  intinmtol] 
mix  UK  .Ichmt..  amounts  .,f  fin,.ly  divi.ld  carhon  in  vari.,us  form,    wit 
timl    'ri       .■"^'"*''  th..  mixtur..  to  constant   tcmiK.ratun.  f.,r  a  m..asurec 
tm  e.     I  he  charKcs  ("mpl.)yc.l  varied  in  size  fr.)m  a  few  trams  to  10  pounds 

Tn  clavT-ruSes   '"        "''  ''''"'''"^''  "■"""''*'■■*'  ""'""'•'  K^^n*"**"  'Tucihles,  and 

fM^aces-The    reducti.,n   took    place    either    in    an   ..il    fire.l    Stoele- 
Harvey  furnace  of  (>()  poun.ls  metal  capacity.  Xo.  20  ..rucil.i...  which  could 

electric  resistor  furna  This  latter  has  a  heatiuR  ehamher,  8"  cul..",  which 

can  t)e  maintained  a,   ...nstant  temperature  to  within  about  10-20°  C     at 
any  tcmr)erature  up  to  Ki.-^O"  C.    Som..  of  the  small  chanr.-s  wen-  run  in  day 
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»'rucil>l<'''  plactti  wiihiii   ilic  tltttric   liilir  furiia<c  ilcxrilinl   uiKlit.    '  l{t- 
(lili'tiiiii  i»f  ('i>,0,  with  llydroccii  (ills,  "  ttliil  >lii>\vii  in  Fiit.  :l. 

Tlic    fiiriiiift-.   with    cniiiifxioii^    lire   r-lioun    in    l'liit<«   |,    I|.   Ill,    IV, 
and  Vin.  I. 


(Qj 

/O      O,,  O 


l''Ui.   1.     Dftiiil  (IraHiiiK^  "f  (■li<'lric  fiiriuice  iiseil  for  rtMliiclion  of  C'o.O,  with  C. 


The  reactions   for  the  reduction  of  coliult   oxide   witli   ciirhon  are: — 

(1)  (■(),(  ),+4C  =  3(of4((). 

(2)  (■o3<).+4C()  =  3Co+4C().;  or,  coinhiiiiiin  (1)  uiid  (2), 

(3)  2('o,(),+4("  =  (J('o-t-4((),. 

If  all  the  oxyjjen  for  the  oxidation  of  the  carhon  he  sujjplied  hy  the  cobalt 
oxide,  and  if  all  the  carhon  he  hurned  to  CO,,  none  of  it  esca|)inK  as  ■  (), 
then  the  reaction  kws  accordinn  to  equation  (3). 

in  practice  neither  of  these  conditions  is  strictly  obtained,  but  with 
proper  desiKti  of  furnace  they  may  l)e  closely  approximated. 

The  data  for  a  series  of  experiments  on  the  direct  reduction  of  cobalt 
oxide  with  carbon  follow. 

The  linn. — In  each  case  the  charKc  was  made  up  by  intimately  mixing  a 
weighed  aiiiotttit  of  finely  divided  oxide  with  a  woiKh(d  amount  of  finely 
ground  carbon.    This  charge  was  placed  in  a  carbon  or  el.ay  crucil)le.  which 


with  ifi  .•hiirnf  was  plaicl  .iih.r  in  tlif  Sic.l.-llar\.v  oil  fiiriiaif  or  in  llir 
<•  iTfrir  liirna.T.  Tlir  inixtiir.'  \va-  frr.|iiriitl\  -tiirr.l  uiili  an  iron  rod  .liirinn 
till'  ri'iliii'tion. 

Cnrhoii.     Till'    form    of    .arlion    rlio-cn     for    lli..    rr.liirtion.     whether 

powil.reil  rhareoal,   eoke.   eoal.   ete..   .|e|ien<l newhat  Upon  the  impurities 

tmin  whieh  It  1-  .le-inil.le  to  keep  thi'  re-illtinK  metal  Ir.'e.  iMIt  also  111.- 
elujjee   ijreatly    inlillenee.   the   «|H'ei|   of   the   reiliietion. 

'riiree  .eisof  experimenlv  IJun-  A     II.  IM     i{  \  III,  an.l  II   I     II    ill 

were  made  with  pow.leied  aiithnuiti al.  -neh  a-  i-  il-<ed  for  the  maiMlfactiMv 

of  carlion  eleetrode-,  while  further  e\perimerit«,  Huns  II  I\  II  MX 
were  niadi'  with  powdered  ehare.ial  or  lampl.laek.  The  earhon  was  in  all 
eases  powilered  to  all  .Atreiiielx   (in.    (lour 

Ti  iiiiiinilnii  Miiisiiii  III,  )it.-<  Temperaliire  readiim>  were  made  at 
(•■e(|ueiii  interval-  with  a  platinum  platinum-rhodium  thernio-elemeni.  with 
•  Wanner  opiieal  p\iometer.  or  Miih  a  hrx  radiation  pMoineter.  ami 
a«l|U«tmelit«  ol  the  funiare  made  to  keep  the  temperature  .(.ii-I.int  to  within 
alpoiit  211     iluiiim  the  run. 

I'he    eh;irue    Wa-    put    into    the   erueil.le    whieji    wa-    within    the    fuiiiaee 

lioth  erueiliie  :iml  furiiaiv  lieinu  at  a  temperature  - what  hiuher  than  th.- 

Ulten.led  temperaluie  of  the  nill  .  It  Wa-  learned  liy  evperienee,  for  the 
dillert  lit  -i/e-  of  liiiiriie  .Hid  i|Ual!lie»  of  erueilde.  at  alioul  what  tinipeiatun 
lo  iiiamtaiii  the  furnace  prior  to  in-erlinu  the  eharu.'.  if  order  that  the  eh.arise 
niiuhl    collie    to    th<'    de-iied    e<|uilil>nuni    temperature,    with    proper    fmiiace 

adju-lincni.  in  .ilioiit  ten  minute-.  There  i-,  llierefoie.  a  period  of  alioit 
ten  minute-,  nl  the  lietjinniim;  of  each  run.  duriiej;  whicli  the  avira'^e  tcmpei- 
atiire  of  the  diarite  j-  not  a-  hiith  a>  that  noted  with  I  he  Wimik  opiic.il 
pxrolneler.  which  oh-erve-  the  -urface  of  the  charne.  \\,  -.ili-iie.;  ourx  l\e- 
that  the  centre  of  I  lie  chariic  wa-  at  the  -;ime  liinperat  lire  m-  the  -urlaci  . 
within  20  or  ;!tl    (   ..  after  the  (ii-l  ten  minute-.  I,\  e\plorim;  the  e.ir  e  with  a 

therino-elenient.  and  notiiiu  -imulla' u-l\  il-  re.idiiin-  and  tlio-.'  of  another 

therino-elemeni.  and  of  the  Wanner  optical  p>  loineicr. 

In  the  followinti  run-  we  have  not  attempteil  to  make  a  correciion  lor 
the  lau  in  coiiiiiiii  to  temperature  during  ihe-i'  fir>t  ten  minute-.  Thi-  la^ 
would  lie  con-ider;il.l\  le-  than  ten  minute-  for  the  -nialle-i  criicilile-  wiiii-h 
we  ii-ed.  would  he  alioiil  leii  minute--  hir  the  four  pound  chariic-.  and  po-sili!\ 
as  loim  as  iweiiix   minute-  in  tin    wor-t  case-,  with  tiie  ten  pound  chariic- 

Keduction  of  CoO,  with  t:arbon 

The  oxide  u-ed  hir  run-    \      ||.  anahsed  a-  follow-: 

<"  71  •:<•>', 

^' 112'; 

r«' ()S2'; 

*? <)-45'; 

As...  OK)'; 

!^'<>^ ()-2()'; 


Cii 


()■.)()', 


In  nui.s  A  II,  No  12  unliiied  carlKUi  eniei'nles  were  used,  and  the 
charKC  wa.s  stirred  every  ten  minutes  durinn  .eduction.  In  these  runs  no 
attempt  was  made  to  show  the  pro^nv  >  of  'he  reduction,  luit  at  the  clo.se  of 
the  run  tlie  charKt  was  raise<l  a.s  rupidiy  as  |io.ssil)le  to  the  melting  point  and 
the  melt  poured  into  an  iron  mould  to  he  weiKJied.  Considerahlr  reduction 
must  take  place  duriiiK  the  interval  of  melting  the  charge  after  the  close  of 


iSjnii-  u(  the  .<iniilli'«l  cliaruus  wcri.  in4<'rU'<l  uilli  ninljiininil  cruoilile. 
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the  run.    The  purpose  of  these  particular  runs  was  to  study  tlie  yields  under 
somewhat  the  same  conditions  which  must  necessarily  pertain  in  practice. 

Reduction  of  Co,0,  with  Powdered  Anthracite  Coal  (A) 

These  runs  are  typical  of  a  large  numher  .showing  similar  results. 

H ARVKY-S TEELK   OiL    FuRXACE 
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Electkic  ('ur(  thi.k  1m  k.sace 
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Avpmirr        Time  of 
rt'inii'f  n'llui'tion 


Carlion 


>  1,1,1    of    C, 

in  111-        ,i  ' ,  |ir,'>,-nl   in 

III    ilii'oi.-iiiMl  r,-ultinn 

aniounl  ,|„.,.,i 


HunC  Coidi,  4  lbs.       UmCC.      2  hr.  :i:i  min.     2  lb- 

Jan.  21,  mil        I'oniliTcl       i  ! 

<>n  il.  ti-li  oz.    I  I 


ll'21',  C.  ,  At  i-n,l  of  2  hr-.  :i,l  nun. 
ctiame  n,it  eoiniilt'tt'lv  ri'- 
iluci'il.  but  coniiiti'ti',!  ,liir- 
ini£  .-uli-,"iucnl  rai-inii  to 
iiii'ltinK  [Kiint. 


Run  n.  roiO,    I  His.  12IHI°('.      i  hr.  II  mm.       2  Hi-.  l:i  ,12.  li-2'r,C. 
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The  oxide  ii.-cd  for  the  runs  sliown  in  the  followiin:  talilc,  H  I  l{  \1II, 
aiiaivsed  as  follows: — 

Co t)lt-2'o 

Ni 1-4'';, 

Fe ()-o()'o 

CaO 0-:57'f 

S OoVo 

Insoluhle 1  •  4ti' o 

Ag trace 

In  the  following  runs,  H  I  to  H  \'III,  No.  20  unlined  carhon  crucihles 
were  used,  except  where  it  is  spccificiilly  noted  that  they  were  lined.  Xo 
attempt  was  made  to  obtain  a  yield,  hut  tliey  are  intended  to  show  the  pro- 
gress of  the  re<luction.  Very  finely  powdered  anthracite  coal  was  used  just 
as  in  the  runs  A — H 


Reduction  of  Co.O.  with  Powdered  Anthracite  Coal  (B) 
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duri'd. 

ViTy      .luhtly       n>- 

tlucfd, 

ViTy     ..liijlii:\      ra. 
(luci'd. 

-''  ('  rt'duction. 


3'!'';  reduction. 
74' f  reductif>n. 


I.Vi:"=C.        1  =  11  inln. 
2-  I(i  min. 

3  =  21  min. 

4  =  26  min. 
5=31  min. 
6  =  3(ii^in. 


I'.''','?  IT',  '■"luclion. 

U3"U'c  77';  reduction. 

7*»-7'';.  12'';  reduction. 

SI'S't,  32';  reduction. 

!»l-ii";;  m',  reduction. 

J3-U't  77' c  reduction. 

[j3'JS  Therewaaapparently 

yl'H'i  some  oxidation. 


It   Will  l„.  noticcl   in   the  above  runs   with  powdered  anthracito  eoal 
hat  tlu.  ie.luct.on.  are  ex  remely  low.     It  was,  therefore,  thought  a  Iv.able 
to  eheek  th.'.se  run.,  with  experiments  on   a  very  mnall.cale  in   porcelain 
eruci  lies,  in  such  a  manner  that  there  eoul.l  h,.  no  <loubt  as  to  the  tin^e  lurS 
which  the  charge  was  maintaine.l  at  the  temperature  in  question  '' 

A  number  <.t  these  runs  were  made  with  a  thermo-element  near  the  centre 
and  at  the  outside  oi  the  c-  .,rge.     In  th.>  small  furnace  use.l  fo    these,  run' 
the  crucible  wi  h  its  charge  came  to  temperature  in   a  verv   few  min    ". 
so  that   the  outside  and  msule  tluTmo-elements  agrc-ed  te'  within  2    "(■ 
Approximatey  this  condition  was  maintaine.l  throughout  the  n       ami  th.: 
time  recor.le.1  IS  th..  time  fn.m  which  the  charg..  reache.l  the  .l.-'ir  ,1  te  m.e 
ature  to  the  time  of  removal  of  the  sample.  ' 

The  rc^sults  of  the  previous  run-  witli  pow.lered  ainhracite  .■.)il  w.-n- 
eonfirmed  by  the.s,.  .small  scale  runs  an.l  a  .satisfactory  compete  reduc  ion 
could  not  be  obtained  at  temperatures  miuh  b.-low  1200°  V  '^^""'^t'"" 

Reduction  of  Co.O.  with  Powdered  Charcoal 

Further  experiments  were  trie.l  on  the  reduction  of  Co,(),  with  very 
S  P"^;'.*'';'^^''  ^■''^'•'^"'il-  A  large  numb.T  of  these  gave  fairlv  conconlant 
results,  which  showe.1  a  great.T  re<hicti..n  at  all  ten.|..Tatures  than  th.- 
corresponding  powdere.i  anthracUe  coal  runs 

Witlu.ut  giving  the  details  of  about  twenty-five  runs,  it  mav  be  sii.l 
that  comi)lete  reduction  was  obtai.ie.l  \,ith  from  20-30' 7,  excess  of  nowdere. 
charcoa  ,  at  OOO"  C    or  over,  an.l  with  the  size  of  charge  and  furCes  c™ 

AtTonn''  n.«r°"r''  ;V  ''"''^TT'  ^^■".%' "•""«'•;  '''-out  in  Ic-ss  than  an  hour. 
At  1000-11  )0  C  ..  the  reduction  with  pow.lere.l  charcoal  was  very  much 
more^rapKl  thanjit  1)00°  C,  often  completing  itself  in  less  than  10  minute" 

'''*"l^^'^ir^fX'^,So,:;l:^'"•  ""''  '™  """"""'"'  "'  ^'"•^^  '"-"^^'- «Hal.:;.:m„7besee„  Irom  .h, 

'^'"'i^xl;:;;;^" "' " •"  ■"="'"  ="■''  ""^  -"^"■°""- "'  ^"'-" «-" « ">..  coiu,„n  „.,.„-  ,„,o  acc„un.  ,h. 


Reduction  of  Co^O,  with  Lampblack 

Kxjx'riiiiciits  on  the  iciluctioii  of  ('o,(),  witli  laiiiplilack  wcrf  tried 
W'th  results  iileiitical  witli  tli(»-;e  on  the  reduction  of  ('oX),  witli  powdered 
charcoal. 

Briquets  I'lxperinieiits  on  the  reduction  of  ('o,(),  with  powdered 
charcoal  were  tried  forininji  the  charfj"'  into  l>ri(iuets.  A  small  percentaw  of 
molasses  was  used  as  a  hinder.  These  experiments  weri'  made  under  the 
same  furnace  and  temperature  conditions  as  those  on  the  reduction  of  ('0,0, 
with  powdered  charcoal  in  luilk.  Seven  such  runs  sliowe<l  throunhout, 
that  the  reduction  was  not  xcry  dilTerent  in  its  velocity  from  the  corres- 
ponding run<  with  powdered  cliarcoal.  although  the  difference  was  uniformly 
in  favour  of  the  hriciuetted  charties.  .\  -;atisfactory  n'ductioM  coulil  proKaiiiy 
not  lie  made  at  temperatures  helow  SO(t -S.")0°  ('.,  (■\-en  hrifiuettinu  tiie 
charges,  as  compared  with  000°  ('.  for  the  charges  in  iiulk. 

Reduction  in  the  form  of  hriciuets  yields  a  sintered  mass  which  can  i)e 
handled  commercially  without  fusing  the  reduced  metal.  Tiiis  is  a  distinct 
advantage  of  this  method. 

The  Metal — The  metal  produced  by  reduction  of  cobalt  oxide  with  carbon 
is  sufficiently  pure  for  most  purposes;  it  need  not  contain  more  than  a  few- 
tenths  of  a  per  cent  of  carb(m.  The  following  characteristic  analy.ses  are 
taken  at  random  from  a  large  number  to  show  the  nature  of  the  metal:  — 

Analyses  of  Metallic  Cobalt  Produced  by  Reduction  of 
Commercial  Cobalt  Oxide  with  Carbon 


Julv, 


1912. 

Co 97-05', 

Ni 1 .  50' ;, 

Fe    1(H)'; 

S 0-22''c 

("   0-20% 

Ca 0-25'; 


SiO,    0-12'; 


.\ugust  15,  1912. 

Co 

Ni 

Fe 

C 

s 

Ca 

SiO, 


October  10,  1912. 

Co 

Ni 

Fe 

C 

Mn 

Ca 

S 

SiO, 


.()■ 

.  .0- 

.0- 

.  .()• 

.    0- 
0- 

.98- 
.  .0- 
.  0- 
.0- 
.  .0- 
.  .0- 
.  .0- 
.   0- 


.-.((', 

(i.v  ; 
58'; 


GO''; 

mi 

")ti''o 
24% 
06% 
24% 
21% 
14% 


Thr 


would  corrc:*i)f)n<l  to  the  a'hiition  of  about  l^r  of  carbon. 
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Octolur  11,  1!H2. 

Co <IH-(>2'p 

Ni i)M< ; 

Fe O-lo';, 

<' »•  !:<'■« 

<'a ()'27'f: 

S l)22f"c 

SiO, Oll'o 

.lull.-  11,  li)l.{. 

Co its- 31)'; 

Fc !•:«)'; 

Ni triici; 

s ()■  »ti'; 

As o-ii'; 

sio,  012'; 

("a Oos'; 

It  is  ()l)\i()iis  I'niiii  these  analyses  that  the  uxiiles  taken  for  re(hictiu 
with  earlHdi  were  tliose  direcllv  from  the  smelter,  which  hail  not  lieen  treate 
hy  the  metlioil  outline<l  on  pames  H  ami  1  to  remoM'  the  impurities.  It 
oh\ions  tiiat  the  iron,  nickel,  sulphur,  anil  silica  contents  <'oulil  lunc  liee 
reduced  to  mere  traces  iiy  purif\inu  the  oxide  hefore  reihiction  in  accordaiic 
with  the  method  jii\cn.  \Ve  ha\e  done  this  re|)eatedl>,  where  a  pure  Inel: 
was  re(|uired  'or  experimental  purposes. 

It  is,  iiowevcr.  of  importaiii'e  to  note  that  metal  with  \try  low  carlio 
I'ontent  may  l>c  made  l>y  direct  ie<luctioii  of  the  oxide  with  carlion. 

C]onclusions 

I.  Heduction  of  (  o  () ,  with   powdered  anthracite  coal  doe~   not    tak 
placi'  rapidly  so  as   to  make   it    commerciall\    interestiiiK.   either   in   the  o 
fired  crucil>l:'  ty))e  of  furnace  or  in  the  electric  cruciiile  type  of  furnace,  until 
temperature  in  the  neijjhliourhood  of  12011°  ('.  is  reaclu'd. 

II.  In  either  the  oil  lireil  crucihle  type  of  furnace  or  in  the  eiectri 
crucible  type  of  furnace.  suKsIantially  complete  \ieliU  of  mel.allic  coiial 
may  lie  ohtaineil  liy  reduction  of  (d.<),  with  powdered  anthracite  coa 
in  the  neisihhourhoinl  of  1200''  ( '..  f<ir  not  more  lliau  1  hour,  with  sul)^euuen 
rapid  inellin^  and  pourin<>. 

III.  With  the  oil  (ired  cruc'ilile  furnace,  u-inu  imlineil  uraphile  cruciiile- 
coni|)lete  yields  are  only  olilaine<l  with  powdered  anthracite  coal  when  ther 
is  an  excess  of  approximately   10'  ,   of  this  latter. 

I\'.  With  the  electric  cruciiile  type  of  furnace.  Used  liy  us.  coniplet 
rechiction  ma.\'  lie  olitained  usin<i  onl>'  the  theoretical  ipianlil)  of  powdere 
.-inlhracite  coal.  In  this  furnace  there  is  a  consideralile  reduction  due  to  ih 
lailion  miinoxiile  atmosphere  caused  iiy  the  c.arlion  resistor  plates. 

\'.  Moth  in  the  oil  (ired  and  in  the  electric  cruciiile  type  of  furnaci 
L'rcater  reductions  of  ('o,(),  are  olitained  usinji  powdere<l  charcoal,  than  wit 
1  owdered  anthracite  coal,  at  the  corresoondini!;  temperature. 

\I.  With  the  oil  (ired  or  electric  cruciiile  type  of  furnace,  complet 
Kcluction  ma.\  lie  obtained  with  po\\dere<l  charcoal  at  900°  ( '.  or  hifjhct 
l''or  this  reduction  a  consideralile  excess  of  charcoal  was  re(|uired,  under  ou 
conditions  from  20     :}()' , . 

\'II.  Powdered  lampblack  shows  results  in  accordance  with  those  fo 
powdered  charcoal. 


I 


II 

VIII.  Mri(|iirttiiiK  tilt'  I'harirrs  with  an  ntKanii'  liiiidcr  tctnls  to  iii- 
rrca^c  the  riitc  of  rt'iluctioii  at  all  IciiiiHTutiirfs.  A  iiiiiiiinmii  of  alioiit  K(M)°  ( '. 
may  \>c  cinpldynj  for  tlic  rciliiction  of  ('0,0,  with  charcoal  in  the  form  of 
briqiu'ts  as  unaiiist  !M)l)°  ('    for  flic  same  charKc  in  Imlk. 

IX.  The  l)ri(nicttc(|  cliarno  yiclil  a  metal  which  for  many  purpo-cs  is 
mechanically  better  in  that  it  is  in  the  form  to  lie  huiiilleil  without  fusing. 

X.  With  siifHcient  carlioii  to  )£•'•  a  <-o!nplete  yiehl  of  met;'!,  the  final 
product  need  only  contain  alxjut  O-'id'^  of  carlion. 

XI.  At  this  laboratory,  in  electric  furnace.s  not  especially  designed  for 
this  work,  we  reduce  enough  oxide  to  make  T)!)  pounds  of  the  metal  in  an 
eiRht  hour  day,  with  the  furnace  absorliinu  12  K.W.  Thus,  on  a  commeri'ial 
ba-ii.",  the  jjower  charne  for  this  reduction  woulil  be  small. 


PRKFAHATION  OF  MKTAbLIC  COBAI/l'  iiV  KKDlt  TIOX  OF  THK 
OXIDE  WITH  HYIJHOCKN  (IAS 

Method  and  Appar  tus 

These  experiments  consisted  in  placinn  an  alundvm  boat,  containing  a 
weiRhed  amount  of  dried  cobalt  oxide,  in  a  horizontal  tube  electric  resistor 
furnace,  maintaining  its  temperature  therein  C(»nstant  for  a  definite  lenRth 
of  time,  during  which  a  stream  of  hydrogen  gas  was  ))assed  through  the 
furnacj'.  A  schematic  sketch  of  the  apparatus  is  shown  in  Fig.  2.  and 
photographs  in  Plates  \'  and  \T. 
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^r--£9-*-=£ 


II     II     II     II     II     II     II     N     II 


6  6) 

{^ 


I'l.MK    \ 


Appiiraliis    fdi-    iciliMlidii    (il    >'i),(),    with    II;. 
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Till'  liMlmuiri  <ii|i|ilii'i|  fniMi  n  tank  II.  u.i-  |)uri(iti|  l.y  |iii.»inu  <)\tr  hot 
n(|i|Hr     < ',     llirmmli     -iiici— i\i|\     ,i    |i,.ia-iiiiii    liirliKniiali'    Inuir     K,    tt 

|Mitii>.«iiiiii  li\ilrii\ii|i'  tower  (>,  hut  iu|.|.it  .1  -.I- I  tiiiii'  at  C  ,  aii<l  liimlly 

a  -iil|iliiitlr  ac'iil  tnwir  S. 

Alirr  (111*  iMuiliiatioii  it  <  iihri'ii  ih.'  I.iriiarf  at  ilif  iimtii  I',  pa |  n\cr 

tlu>  almiiluiii  Ixiat  -iliialnl  at  \.  ami  ll;r  (A.r».  iil  liMln.ucfi  «:i-  l.miiiil  at 
the  I'liriliir  rinl  cil  tin-  fiiniaiT  .1  H.  Durum  tdr  run  lli.-  .sit  l,,r  ihr  ua-  wiix 
tllhHluli  ihr  l.\-|)ii"    I'll,  till'  I'     .  ii  liciii'l  'i.iliil. 

'I'lli'    lic'itiliu   rli'irii'lil    ,.l    the    hiril.in-   il-rjl    1-   a    -.  ri.  -    .il    ,;,:,      .ij    r.irl 

riiiii  |)lal.-  .1.  whirl,  I'nui'l  \»-  prr,-.(|  ti.u'rlh.  r  iimmv  ur  I.-  imhiU  .»  -uilahh' 
-cnw*  I.  'I'hf  lurtiaif  wa«  -il|i|'lnil  with  allrrnaliim  .iirivrit  at  .'."i  \i>lt>( 
fnitii  a  tran-li.nii.r.  ami  niuhl  \<<-  luiitrullcil  at  aii\  t(iii|(.taliirc  u|i  tn  Kt.Vt"  (". 

I  Iil    ijitail-  III  the  luriiai-r  are  -hiiwii  in  tin-  ilrawin^    Ki^.  ;{. 


■ 

^^^ 

i 

/ 

^^ 

HI 

f 

W  ^^' 

'''^;  vA 

tm\ 

c                  J 

hT^  ^-^1 

L. 

1 

^ 

aL^J■■f:^•^ 

<5 
o 

r^src,  y 

^^^^ 

^ 

«■ 

^ 

< 

b 

1 

J\ 

I"ii;.  .'i.     I)il:iilMif  (.||.ctri(jfurii;ii'c'f(ir  rciliKlionof  ('(>,(),  with  II,. 

'I  he  tiiiiperiitiiri'  inea-urenieiit-  were  inaile  hy  a  platinum  plalinutn- 
rhoiliiini  (herlMd-elein.  nt  Tl,  ami  reaijini;-  were  taken  at  l'rei|uent  intervals 
on  a  \eiy  «en-itive  inillivoltineter  M\.  In  tiiis  wav  the  f.^mperalure  was 
inamtinneil  -ulistantially  con.-tant   hy  haml  leiriilalicin  of  the  mmcw-  I. 

.Ml  leinperatnri'  ineasureinent«  were  inaile  with  therinii-eieiMciit>  which 
were  ralii.rale.l  at  Iretiuent  interval-,  in  the  uMial  wav.  aiiain-t  known 
ineltinu;  points. 

The  power  alisorlied  l,y  the  furnaee  was  from  'J  to  12  K.\V..  aceordinK 
to  the  temperature  that   wa-  ile-ireil  to  he  maintained. 

Method  of  Conductinii  a  Run 

.\fter  haxins  heated  the  furnaee  to  the  desiriMl  temperature,  by  a 
suitable  current  through  the  carbon  rinijs  J.  runs  were  made  as  follows:— 

(a)  After  closing  the  cock  .\.  which  separates  the  purifviiiK  svstcin 
from  the  furnace,  the  air  -vas  exhausted  from  the  h,\droijen  system  by  openinc 
cock  V,  and  operatinfj  a  pump. 

(bl  (las  burners  were  li(r|,ted  to  heat  copper  filiiiKs  in  tubes  C,  and  f'„ 
through  which  the  hydrogen  is  to  !)a-s. 

(c)  Solutions  of  potassiimi  bichromate.  pota.ssiuin  hydrate,  and 
sulpiiurif  acul,  were  started  HowiuK  ihrouuli  the  purifviufj  towers  K,  0, 
and  S,  which  were  partially  filled  with  gians  beads. 


It 

>-l'in   UM<  ;,   little  kitmIit  tli;.ii  atiiios|,|„.ric 
'"  milieu    liy.lin-,.,,  t.p  ll,w  i,u„  the  hot 

aiik 


until  tlic  |iri»iiii.  iii,i,||.  I 
|>nssui-( 

(f!      (  nek    X    \v:i-  now  i>|M'nc'i| 
liiriiai'c. 


'       ""■  '"■'   l""l"i-  1k„I  nuu   .■„„u,„.n,T,|,  .lunnn  wl,,.! MTvuion. 

■     '"'l"Tatur,.,   ,UM „,.,■  u,.,v  ,„,.„l,.,   ,.,n,|  ,i„.  luniM.-,.  ■.,!,  M 


(ll 

of  tiiiii 
krcp  tl 

11      Alter  :i    ilcljnili'   time   the    l„,at    with    it-   , i..,,t      „•  -.i    i 

.1'      Wl.-n  ruul  tl„.  I,„MI  WM>  rrn„u,.,l  t,.  .-,  Wr^MrMtor  an,l  w,.|.il„.,l. 

'<»HAI.T  nxil.i.;    KKDl  ( T|.  ,N    \V|T„    HVDKotiKX     ,,k.IIX,;   jv 
AN     \T.M(»SI'|||;i!|.:   (,|.-    I1V|)|;,h;|.;x 


IlllldW-- 


riic     r,,l,;,lt     ,,xi,|,.     „„,|     ,■,,,     ,1,,,     |,,||,,^,.i,,„ 


(•(1 

Xi 
IV 
(a 

S 

sio 


■  nu  run-    I    to   IX,  analvMMl  as 
<■'"  •»,  ii.-f(l  lor  IJiin,  I  I,,  |\ 

7-2  -.V, 

fraiT 
(I   10', 
0   I.V, 
(I  ll.".L>'  ; 
(I- :<!(', 


It  will  I.,. 


I'l'  iKPticcd  that  tlii>  oxide  ,-oiit-iin.'(l  7->    I'      ,.r.i  .    i         i     , 

otunredu,.leealei,.n...l,,hate.eale,,n.,oxMe,an,lHl,ea..;;-o^;V;l::;,V.;N^ 


to  (•(.,() 


ll^oxl.|e.lllrrelore.,.,,rr(-.pon,U  \,.r\cl,„rK 


M.-;;^;;- ,- ' t:;^- r;. ' ; •  ,;. ^i-- -i-;; v ; ■  .onu ,„, ,..„,„ , ,,,. 

wi|i.in  the  expenineiitai  erior  of  the'ni,;:  ai,;i .  :i'::^"i'h.!^;:::i:;;;",i:; 

I""-  ,'-'  '-nns  of  LTt.',    aetual  ndiietion  a^  total  '      '^   ''"'"■ 

' ''""^'  "^''  ""•  ■'■■"•■'  •■""'  '!"■  n.luetioi,. ,p„,..,|  tluTeln,..,:- 

Reduction  of  Cobalt  Oxide  with  Hydrogen  at  585°  C. 


Ii">i  I    -July  lo,  l()i;{. 

Mean  tempera' ure  durins  run 


Aver: 


)s;i^  C, 


il.>  deviation  of  sinul,.  temperature  ohMTvation  from  th. mean 'I'.TC 


I'l.MK    \1. 


.\|i|i,Mnilu-  lor  rciliicrn>ti  nf  (.'ciO,  uitli    II... 
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Fk)AT    I. 


Time   of 

\\.-.;il.t    „f 

I...^-.   1 

rtiiurtion 

hn;tl   t  (   t,.i  )t 

wcmh 

— 

0  iiini 

S-5.»ih?(  tir.'inis. 

5  til  in. 

^■l••'4^  i:r;ifi,^. 

n-4'i44  «r. 

I'>T  r.'n;  loss 
in   wt'iKlit 


Kcilucuon  whcrp  IDO"^ 
IS    rrinipioto    rt'duction 


Sl-0'7 


Hoat  ciiii)!)- =  (i-.')S."):{  jjrains. 

Hoat  +< '()  :< ) ,  =  S-  .")SSN  Krams. 

Initial  weight  ol'  (■<>,(),  =  2- ()»;{.")  jirams. 


•  .  'V'''',  "'!'*  "■'•'n''i'"J  -i"  !i''''i'l<'iit  occiirrcl  to  hoat.  so  it  was  rccliarcprl 
with  dried  col.alt  oxide  as  follows:  ">  «a.    n  ( iiargnd 


Titnc   of 
rcdurtion 

V\rid.l    of 
Ijoal  \  i'uA  h 

1...-.   ,n 

Wflnlit 

I'.r  ccnr  In,, 
in    wciKht 

lufti.m    ivh.-rc    HM)^ 
coriiyU'te    r(!(iuction 

0  mm. 

^■:m-2  Kr;inis, 

5  tuin. 

^■-•'|^^  untiiis. 

•■■V'tU  irram^. 

L'j'5'  i. 

y4-2S 

IJ  inin. 

^•-l.*)^  urrim-'. 

i'».")lii  iiram,-'. 

■2-) -4'; 

'J4-0'-; 

Hoat  ciiiiity  =  ()-.")SH  irrains. 

Hoat  +(  o  ,'(),  =  s-  7ti;{2  fji-anis. 

Initial  wcijiht  of  ('o,(),  =  2-  17S,S  ({ranis. 

H..\T   II. 


Tiiiit'  of 
reriuclion 


il  min. 
o  min. 
1.")  rum. 


1)1  lilt  *ro;n, 


"■411.'.-,  ;;n,l„-. 

Ii-Sl:i.'  KruMi-. 
I'-Vi.TJ  uniMi-. 


I...-,  in 
Ufiiih: 


n-."i!i;i  irrnrii^. 
"■.■iiii.i:!  cnri'-. 


I'lT  fi-nt  loss 
in  wi'iKht 


Ufiluclion    w'M'n'    imi% 
IS    coiiipl.'tr    ri'diirtioD 


.':M', 


Hoat  ci 
Boat  +  v 
Initial  \vc 


'2{i:H)  grains. 
■  402.")  grams. 
^.  ('o3(),  =  2- 1(1!).^  grani.s. 

It  was  noted  at  the  dose  of  this  run  that  th(>re  was  a  slight  oxidat 
at  one  point  in  the  boat. 


ion 


«««-//     July  Ki,  lOi:}. 

Mean  temperature  during  nm _-^jo  p 

Average  deviati 'f  single  tempi'rature  observation  from  the  mean  '  .    'l-()°  c! 

Hoat  I. 


rill,,,  ol 

reduction 

U..            .f 
lio,              ,», 

I.OS.S  in 
wt'iRht 

I'd  C'nt  Uiss 
in   vvi'iKht 

Ui 
i.s 

luntion   whiTe   liHl'-f 
cotiiDlcte    reduction 

"  iiiin. 
1.J  iiiin. 
3(1  mm. 
60  min. 

sl2.'il  Krjims. 
7iiiiL'4  mims. 
T-JiKsS  KraTii>. 
7-.5!166«!raiiis. 

l:-.5M.lKnims. 

:'6-n'r 

I'O-f.'-f 
26-2'-„ 

06-2% 
98 -3^ 
97-n<'i 

1* 

1  i  -  . 

empty  =  0-  ll.")t»  grams. 
Boat  +  ('o.,(),  =  S.  12ol  grams. 
Initial  weight  of  t'o,(),  =  2  0095  grams. 


If. 


FioAT    II. 


Time   lit 
rt'ilut'iiiin 

Ui'lulil   •,! 

1...-  in 
«fittit 

I'.r  (vni  Ic, 

Ki'tluctiun   whtTi-    IflO*"; 

7'-47(i  Kraiii-'. 

11    roil 

Diete    ri'ductioD 

'>  iiiin. 

!•')  nun. 

'ir.'lii  nr.tn.y. 

ii'.">-'tUi  KTiini-. 

L'li;', 

96  ■8'^; 

311  iiiin. 

i;-7-'i"iiiniiir-. 

Il.'i-'7li  Kr;iMi-, 

■M-2' , 

97 -Of; 

till     .in. 

ii-:-'l"irnihi-. 

"■.■|.'i:i;  trnilM-. 

ili  r, 

9l  -8^; 

Boat  cinptN  =.")LM(»7  t.uins. 

Hoat +  ( •() ,( ).  =  7- L>47ii  uianis. 

Initial  weight  of  Co,*  ),-2- OK.'.t  (jraiiis. 

All  the  rcdiifcil  samples  were  steel  fjrey. 

Reduction  of  Cobalt  Oxide  with  Hydrogen  at  600°  C. 

Run  ///— A|)nl  Kl,  litlii. 

Mean  teniperafnrc  (liiriii«  run jj,jyo  ^ 

Average  deviation  of  single  temperatur..  ol.servation  from  the  mean      4-2°   C." 


I'ittK' 
ri'dutM  ti 

m 

W.'iKht    of 
t»nat  r("i.,n, 

I,«)^>  in 

P..,  r,nl   !>,- 
in    «rlntit 

Omin. 

S-J'.t7fl  iir:iiii>. 

j 

7  niin. 

>--*0;J'Ur:iMiN. 

t 

"■■):Uiii;rMm,i. 

Iti  V, 

la  iiiin. 

■S-l,"),Vi  yrjttii^. 

ll-4«lKraii,-. 

■22]': 

30  nun. 

H-  lj"4  t;r;iiiis. 

"■447.'Kraiii-. 

:'.'-4', 

tk>  ittili. 

8-fl!).iiinn.nis 

j     ll-.'i'il'ii  nr;nii>. 

L'5-:", 

ii"''iu<'  ion    u'hiTc    IlHi' ; 
i>    cuiiiiilcU'    reduction 


C,2-2'[ 

83-0';, 
113  11'; 

Boat  emi)ty  =  ()()0(),")  sranis. 

Boat+('o:,().  =  S-.)!)7ti  frnims. 

Initial  wei-rht  of  l'o,<),=  l!»<.t71  grams. 

Kim  /r— April  17,  l!ti:5. 

Mean  temperature  (luriiijj  run .-y-o  (, 

Average  deviation  of  single  'emp..rature  ohservation  from  the  mean .  .'    20°  c' 

]5()AT    I. 


Tinu'   (,f 
reduction 

I.OS,  in 

IVr  fcnt  \n^-i 
in   vvi'iKht 

Kfiluctinn    where    UKl'i 
l.'^    conipletu    reduction 

tt  III  in. 

S-  l2\Hi  (.Tunis. 

7  niin. 

7-fi:'(t(i  Kraiii-. 

"■■)iiyr.  Brains. 

25X^0 

94-(r; 

15  inin. 

:-(ilililKr;irn.-. 

"■.IHKl  Kmmw. 

25 -r; 

y-i-.";, 

31)  iiiin, 

7'(i2ito  KHinis. 

ntixiii 

7A"i 

"lurinn    reninva 

from   furn;ico 

Boat  empty  =  ()•  1174  grams. 

Boat+('o,(  ».  =  8-  I29ti  grams. 

Initial  weight  of  (0,0,  =  20!?:^  grams 
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M(>\T   11. 

Til.K-    r.f 

ri'dufiKiti 

Wright     r.f 

Ii—  in 

WflKilt 

'.•r  line  1 
in   MfiK 

M 

!(.■ 

lurllim     wli.Tr     IINI'; 

cmntilftf    n-iluction 

u  min. 

7'-7l  1  Urania. 

I  niia. 

li-7.'»V,  );r;ilii-. 

„. 

■pl."'  cnirn-. 

-'.VI', 

m-2', 

15  min. 

ti-7ti.).*  Kfatii-, 

n- 

'>  ''.tj  i;r;iTii-, 

-■:.■.", 

!i4  r, 

7n  min. 

*i-7*Hit;  irraiii-. 

rti 

\i 

lizt'.l    (irinnit    r.'iiH 

\;il   fniui 

flirn;n-t 

Hoat  pnii)ty  =  .")-2.")():{  (jniiiis. 

Hoaf +(•(),().  =  7  2711  t^muis. 

Initial  wcijrjit  of  ( '(),().  =  2 Ol'l  1  ura'iis. 

liiin  l'— April  21,  l«.)i:{. 

Mean  tcinpcratiirc  (luting  run    

AvcraKf  (1('\  iatioti  of  siiitiic  tciiip-'ratun'  ul.s,.r\  ation  from  the  mean 


■)98°  C 
1  7°C 


HoAT  I\-. 

TlflH-     .,f 

rtMiuctiitn 

l.r.al   •  Cn.O, 

I.'1-i^  in 
ueiKht 

0  min. 

7--'l.')_'  iiram-. 

I'>  min. 

^^■7:^.')^  KTaiiis. 

"■■Vi'.t*  Kr;iti!>. 

f>i»  min. 

ti-7:f>  wr.-iiii-.. 

ii'VilM  nraiii>. 

Hfliiction    tt  hiTi'    UHV'l 
1^  coniDk'tc  rotluction 


04-3'; 
94 -.I'-, 


Hoat  (•mpty  =  .j-24o2  grains. 

lioat  +C'o jb ,  =  7 •  2452  grains. 

Initial  Wfijrht  of  Coi(),  =  2()0U()  grams. 

Hoat  showed  .slight  re.,.xi,lati()n  at  one  on<l  when  removed  from  furnace 


April  22,  1913. 


Boat  1. 


Tin.f   c.f 
rf  due  turn 

Wridht   of 

«. -Ill  lit 

u  min. 

S-lls_'  urams. 

"ill  min. 

7-Hi*:V;  arams. 

"■.')l.")ti  israiii;*. 

121)  min. 

7-(i  i:t2  Kfaiiis. 

"■'iI.Vi  nrnms. 

I'lT  ri'nt  111—  Hi'ilurtlon    wluTi'    UW  , 

in  neiahl  i:<    n)ni[)lcti'    ri'iluction. 


M-7', 
95 '3', 


Boat  em|)t.\  =()•  1 1,S2  grams. 

Boat+Co,'o.  =  ,S- 1 1S2  grams. 

Initial  weight  of  t'o,O.  =  2-(){)0()  grams. 

This  material.  2.-)- 7^6  loss  in  weight,  analysed  for  eohalt  a.s  follows-— 

^"'^J'^'^   Co  =  97-25':, 

Analy.sisII (•o  =  97';Wr, 


•C01O4  is  thy  .-itable  uxitlc  at  rt\»s"  C 


see  pa -'-    3.1-3.7. 
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Reduction  of  Cobalt  Oxide  with  Hydrogen  at  725°  C. 

Ifll'l    17      .July  17,   |;)|;{ 

Mean  tcmpcraliirc  duriiiK  run 

Av,.ra«..  .Aviation  of  .i„«|,.  t,.,n,,..ral  unM.l.s.rvati-.n  rn.„.  th.  .n-a.,    !    vJ^  C. 

Ui>\T    I. 


rii,„.  ,,! 

r»'<luflinn 


"  imn. 

.')  iiitn. 
I'M.iin. 
'I*  iiiin. 
'i'  nun. 


\V«-IK(lt     of 

f  O'-  in 



— 



^■i:'M\  Kr:,i„4. 

7'.Vt,')J  uniiiM 

ti- 

'*'M\ ttnini"i 

r.V.C).'  (ir:itii-i. 

ll- 

">;fU  Knitii-. 

7-.'iii:is  Kr.im*. 

,.. 

Vl'is  ur.iirt-. 

7-,V*:'(i  (imtii-'. 

n. 

'^irii  tir.-llll:,. 

•T  .vnl  li.s, 
in  wfiKlii 


I'li'.V, 
.'li  ■,■)', 


I-    rv.ilhlilt'l,-    rr-!tictu,n 


Mnat  (•iiii)ty  =  ()-  lilt  urariiN. 
Moat +(•(.,(),  =  s-  r.'ltt;  (Trains. 
Initial  \v('i}r(,t  of  Co^t  ),  =  J()1S2 


HoAP   II. 


Titiu'  oi' 
ri'duciuin 

I,«.-*-  in 

. 

0  mm. 

7-.*iW4  Krani»4. 

J  nun. 

Ii-7470gramf». 

1) 

JIIU  icruti 

10  mm. 

6-7482  grams. 

0 

rAh2KT!iti 

31)  niin. 

6-747nKrani.-*. 

0 

■VH'l  ^r:ui 

I'lT  ivnl  I.,,.. 
in   Wi-rjrlit 


:'(i-,V, 


Itt'ilui'tuin  wliiTo  l(»i'; 
in   CDniiilcic   rt'(iucli<in 


•MS''; 

lis- 1'; 
'js-y; 


Boat  (■ni|)ty  =  5-22S()  fjrains. 

Hoat+(o,(),  =  7.2!)(Jt  grains. 

Initial  wciRht  of  (■o,().  =  2l)t;7S  grains. 

Reduction  of  Cobalt  Oxide  with  Hydrogen  at  825°  C 
Run   17/     July  IS,  1913. 

Moan  tciiipcrafurc  .hiring  run  v)io  r  ■ 

AviTaK(Ml,.viationofsinKl,.,,,,„p,.,,.^,,,,,.,,|,,,;^^:.,,j,,-,.^,^,j^^,^^^_^^;^^_-  .    .  -4    ( 


Moat  I. 


Time  of 
rt'duciion 


WfiKht   of 
boat-fCo,*  »i 


0  niin. 
2''min. 

5  min. 

ISJmin. 

30  min, 

GO  mm. 

150  min. 


S-lWHKmni.-*. 
7-5706  gramfi. 
7-5766  gram.". 
7*5760  grams. 
7-5744  gram.-^. 
7-5744  Kram.'j. 
7-572»i  Rrams. 


I. us.,  in 


"■5;i;{SKr:iriis. 
('■.>U.J4  KrariiH. 
"•,V'i.*)t  trrarii.4. 
"■.W72  grams. 


P<r  n-nt   l(». 
in   wi'iKtii 


Boat  empty  =  0- 1082  grams. 

Boat+Co.O,  =  S  101)8  grants. 

Imtial  weight  of  Co3O4  =  2-001t)  grams. 


t:rc. 


is   PomuletL'   ri'ductitm 


26  •6'-;, 

I'O-fi'-i 

26  ■7'-^ 

26  •7")'-; 

26-7.i't, 

26-8(1';. 

98  ■5'^ 

BS'SCJ 

os-sf-j 

!>9-crj 

oy-iVr 

99-2'o 

M(.\T    II. 


Tin, 


H.-,.:i„    .,( 


Pit  cTit  li, 


Ur.lucrion   «li, 


0 inin. 

~'-'^  i|  k.Ttlii'', 

2'  ttiin 

•■'■7:{ll  i;r;irii~. 

"■'>lu.i  Knuio. 

-•ti-fit 

■  1  Miin. 

ti-T-iJ  t  crjiiii-. 

'l-"»^^l  KHUii-, 

Jtl-71 

!•*»  tmn. 

ti-::tl'UTr;iiii-, 

"■■">l'.tl  ifi.irn-. 

Jti  ■  7.\ 

• '  nun. 

ti'7.'(l:'  i:r;iiii-. 

"■■'.I'tJ  i;r:iniv 

:'ti:.'. 

'■■I  nun. 

()-7:[.Mi  (iraiii-, 

''■■VV'l  unun-. 

Jti-SII 

iW 

S''; 

!« 

«'■; 

ir; 

•Ml 

0' 

Kit 

,,,■■ 

H(ial  ('iTi|)l\  =."i- 22t"2  Kiaiiis. 
M(iat+( '()(),  =  7- 2Si»t  uraiiis. 
Initial  w(i(jlit  of  ( '(),(),  =  2  (l.Vi'i  (iraiii- 

The  |.r...lu.a  fro,,,  t|,is  n„,  s.m.„„.,I  to  l„.  of  a  sWuUtW  liKhfr  «rav  shade 
tha,i  that  h-oi,,  the  ni„s  at  lower  tciii|),.iat,ircs.  " 

Reduction  of  Clobalt  Oxide  with  Hydrogen  at  955°  C. 

Run    Vltl    .Inly  IS.  I<.»1:{. 

Mcai,  lc,ii|)cratiii-c  i|i,ri„ii:  run ,,^.-0  ., 

AvcraKc  deviation  of  si„j;|e  leinpei'alure  oiiservat'ioii  fron,  the  rne:,n  '  '     'l  '(I"  (\ 

H.1\T    I. 


Tiiiu-  of 
ri'ilucrion 

1..,-  „i 

I'tT  c.-nt  i< 
in    \i.-|,;ii 

7--''ll-'*:r;tni". 

i>  mm. 

1  inin. 

'i-7lmi  Kniiii^. 

(1- 

'i-':!>;  unmi^. 

-.'i-ti' ; 

T)  111  in. 

*l-7MtErMin-. 

n. 

'>,!*•*  (;r;in(-. 

-ti-ic  , 

3ii  niin. 

t;-71.» .  ^nitii-. 

li- 

V.IJ tr:,.„-. 

-'7-r; 

fi*l  iiiin. 

'■.■7M.'  i:r;it,i.. 

lt' 

't'lln  «r:iiii-. 

J7-r, 

,ii'<liiriion   wlit-n'    liHi'; 
IS    (•(jniiiifi,.    r.'tluctmn 


:i4-v: 


Hoat  e,,,pty  =  .")-22;{()  fffaiiis. 

Boat +('030,  =  7- 2(112  Kra„,s. 

Initial  weijilit  of  (  V',0.  =  2- (Jn2  fjranis. 

Hoat  II 


Tin..-  of 
ri'fiuriiitti 

Ut'lKllI 

IVr  cent  Inss 
in   wciKht 

0  inin. 

^■(1"74  uniMi-. 

t  inin. 

^■l^t;27  Kniin-:. 

"■'•147  ^:ram>. 

2\\-S''c 

0  nun. 

s-n(il(l  prnnt-'. 

''■'>4JS  Krain.s. 

26-99o 

30  min. 

^■•"ilO  cr;uii"i. 

Ii-')4(i4  jrriun.-i. 

26- 9^7 

m  inin. 

^■(l*>^^  cnims. 

n-.'i4sii  KHirns. 

27 -(Kp 

Hoa.t  (>!>ij)ty     G-.")7  IS  grains. 

Boat+('o3()4  =  ,S-«U74  Krams. 

Initial  weight  of  Co/),  =  2- 0320  grams. 


Itfilucliiin    «hiTn    HXI^d 
IH    cotnplcU'    rt'durtioD 


99-4% 
9fl-4°l 
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Reduction  of  Cobalt  Oxide  with  Hydrofien  at  1070°  C. 

Hill)  IX.    .Iiiiy  111,  |(»i;{. 

Mean  tdiiiMiaturc  .luring  run  uri°i' 

Av.TuK..  .l.'viali.,.,  of  sinKl..  t,.,n,„.raturr  ..l.s..rvation  from  the  ,„«„, .  :    2  i  »  f- 


Tliiii-  ..1 
rt'tluftiiin 

1..."  Ill 
Wi'Uht 

I'tr  crni  In^ 
in    wi'uhl 



<i  ruin. 

T-.i.M:i  Kr„ni,. 

2  niiB. 

li-;iisi|  ttr.iiii-. 

"■■'i-'i.M  (tram-. 

:>ii--.'v, 

h  niin. 

lir.Vis  Knijii.. 

It.'ii.Vi  Kralii^. 

Jil.lm', 

30iiiin. 

ti-r.Vl-s  (jnuii^. 

li'iliT.-.  uruii,,-. 

L*7'»lll*  , 

li"  mm. 

i;7.'(:i:(  itnirii^. 

li-."»i.Vi  uriiiii-. 

IT ■".■)' , 

l{i-ilucliim   wtiiTi'   Iml'; 
11    euiiiiili'tv    ri'iluction 


Boat  empty  =")-2'2()2  wains. 
Boat +(•(),(),  =  7. ;{2 1 :{  (jrams. 
Initial  wcijriit  ol'  ((),(),  =  2-  |()|| 


Kram.-i 


H<.AT   II. 


Tiiiu'  .,( 
ri'ciuctiun 

\\.-i«hl    nl 
I'rwil   t  <*n,t  (4 

I. (>■-,'.  in 
vveinht 

■•*■■'!''>■'»  Krani.. 

II  min. 

1  niin. 

>>-lit:il  Knim>. 

t'-4!L'l  »ir;im>. 

5  inin. 

^■<*51fi  Krjtrh'. 

"■.i-»l!'»:rair.:-. 

M)  min. 

N-(M,ss  Krju.i.-. 

"■.i4H7  Krain.s. 

m  min. 

s-'H72  KriiniJi. 

"■")4<J  Kraiu.-. 

in  Ht-iKlit 


licduftion    where    KtitVi 


.'I-IV, 

WMi'; 

2c.-:i'f  ^ 

99-4';, 

2MNI'; 

99K'r 

ir-lo'; 

HKi-ii'; 

Moat  i'm|)ty  =  ti-."74((  uram.s. 

Boat  +<  'o,( ),  =  8- ,-,!).-,,-)  jrrams. 

Initial  wci;;lit  ut'  ( •u,(),  =  2- 021.")  urams. 

Thf  dark  lictwcn  tlu-  composition  (.f  the  o.xidc  u.scl  for  thus,,  hvdrom.n 

tem.,,^rM  nr,;  ■'  ■""   '■'."•'""■^'y  ''"<>"k1>  tl»'  rc'oxi.iation  .'it  tL  higher 

temperature.s  wa.s  progrcs^ncly  less  than  at  the  lo>ver  t..mperature.s. 

Conclusions 

nl«  J"?     ^  ''*"  r':;'"'^^t'"n  of  <;'03U.  to  metallic  cobalt  hv  hydrogen  gas  takes 
place  very  rapidly  at  all  temperatiire.s  above  500°  V.  '  ^      ^ 


r-smmmBiimmaKMa 


!1 

(b)     At  fcmptTatiirrs  Lctwcfii  ."»<HI°  (".  :in>l  7(H(°  C 


reduction  of  ('(),( ),  to  ( 


tukfs  place  very  sli>\\  l\  il'  at 

(e)      Hetweeii  7^"  ( '.  ami  IKHI"  ( '.,  tl 


I  lake>  place  in  a  tew  iiiliiiile«,  luit  a  I'lirtl 


over  'Ml'  ;    of  the 


ler  reiliietion 


to  ( 'o  uhicli  lake' 
ill 


lace  (liiriliu  the  (ir-t   few   i 
witli  risiiijj  teiiiper-ttiire.  and  at  the  higher  let 


le  anioiiiil  of  reduction  of  (  o.O, 


nniute>  iiicrea>e<  \cr\    ra|)idly 

;ie 


,  -  r- ettiperalures  It    l>  eoniplele. 

(dj  J  lie  hydroKcii  reduction  in.'thoil  is  !■-  l,r  esp.viaiiv  ncoinniended 
lor  t tie  production  ol  ino<lerat<'  <iuantities  of  m;v  pure  earl.on  free  cohalt 
for  specuil  purposes,  just  as  it  has  |„.,.n  Used  for  the  production  of  metallic 
tungsten. 

(e)  For  the  production  of  (•ol.alt  from  CoO.  \<\  hvdrotieii,  the  charge 
muft  he  completely  cooled  in  an  atmosphere  of  hydroceii. 

PHKRVH.VnoN  OK  MKIALMC  ( OHAI.T  HV  i{KI)l  (  TloX  ol    THK 
OXIDK   WITH   CAHBOX    .MoXoXIDK  (IAS 

Method  and  Apparatus 

Thes(.e.\perimei!ts  w.Tc  performed  hy  placiiigan  alundum  l)oat.  containiim 
a  weighed  amount  of  dried  cobalt  oxi.le,  in  a  horizontal  tube  el.rtric  ivsistor 


Fig.  4.     .VrranRcmcnt  of  apparatus  for  reduction  of  r..l.,,lt  oxi-lc  by  carlxm  innnnxi.!.-  pas. 

furnace,  maintaining  it.s  temperature  therein  constant  for  a  definite  length  of 
tune,  duriiig  wncli  a  stream  of  carbon  monoxide  ga.s  was  pitssed  through  the 
lurnace.  A  schematic  sketch  of  the  apparatus  i.s  shown  in  Fig.  4,  and  a 
photograph  in  Plate  \  11. 


Ciirhon-M.inoxidf  (K-nirator 

(  n    .(■_>(  (I 

\  liv.  iMrlilunr  .-M-hl  r,,Mi,.,nMr  A  «:,-  inMii,„r,|  .,,  .,-  I,,  ,!,„. I, ..,„,,  ;,„..  .. 

l;s::;;;it:J, :;;;;■::::;::,:;':;;:■ 'it':: ,;-■«.,„..„:;  Ip;,,™;;,;; 

■      I      -.1      -.  MM.IIul.        11,,.   y,„   ,|lvll;il-c.l    ll,r,„iali    |l„.   ,.,M'k    <■ 
'.'l  ,:;"'""      '■■■"■':""•■'"■•      P-'m-iu..,      l„in,„M;,h..      a,„l      M.lnh.    r 

..;,;r;2,;;:-Li=:'„r,::;:;;;;;';:;:;L;:^;;;;i;;^ 
:;:;:  f  T,:'r:r,:™;;t  :;:;:j-rii';:j';;:^,::^.!;;-;- 

'I'll'-       A-   .1    l.-Ull      (•.■irluMi    |,„.IMl\l,|,.   li;,-    Icll    t   „■    l:ri,rr;,|,,r   .,1     I      will,     , 

::uuZ.:::t --■'•"''-•— i...i  i.M--n,.  „,;-,;:ih-,.:,;:,:;.;; 

I'iiKilK.    -„l,M:uili;,llv   pinv   ..:,rl nn„,,M,l,.   .,„   ,,„„,,,|   ,,„,   ,,„„.,.„„ 

•::::;z':::':x:;s::7:.;r ■■' "" -'-'n'™-: 

Tlu'  Reaction  Fiirniice 

,.      ''''"■  '•'■"■',""1  "ill,,.,,-,.   |,n,p,,.  i.  .|,„u„  in   |.|,,,   xn  ,„   i;      ,     ,,,„„.., 

'in  ua~  Nv  .,.,.,1  „  ,1,  ,,,l,„ii,.  ,„.  M:.|,n,iMr  uiiv.  „i  >,„.|,  ,v<i-f,nc.>  tl,.,t  it 
■""I'l  '",  '■•■'  '"'I  I'v  a  Mnlahl,.  ,l„.„Mal  l{h  ,m  1  I.I  ^ul,  .lir,.,-,  ■  ,  .  „  '  „  ' 
"111-  ^1'  .-il^y  luiipnaluiv  up  I,,   lOOd     C.  'Ii„ln.  .luiiiiu;   a 


IVmperature  Measurements 

;;.;:;;:v:;;'r;;::;:;::l:::;::^;;;v;;;;;':™'-,»^^™;-;,,;;;- 

Coolinft  Charjie  in  Carbon- Monoxide  Atmosphere 

Tl".  .ul,r  \[,  vva>  o|M,liin.,,t  Irnntl,  that  il  rxt,.,,,!,.,!  Lrvon,!  ll„...,„l  of 
h       ,,...  pn,i,..r  ln„n  ..  ,„  N.  Tl„.  p,.,ti„n  (.     \  was  1  tout  ,„   ,  ,J     ', 

Method  of  Conducting  a  Run 

f<;il.m';--  '     "    ""^   '''''"■''''    t^'lHTatutv.,    runs    wt.    ma.l..    a.^ 


H 


im 


iii 


11? 


2:» 


(II)    'I'll 


rk    I 


«;i>  ii|H'iii  <|    III  alliivv   (  ■<  >. 


I.iirifvirm  .>.|.i„  DM.'  j,,,,,  ,|„,  ,,^,,,1 


ll 


I  111     'riir  (  n 


lilrcr  liiniar.    .it  ( ; 


Ka-   to   ii.i««   Ihriiuuii   the 


k:i-  P'lHfatfil  III  thr  |ir.  <|uiTr 


If.  ri'a.ii.iii  liirimrc  |,\  .unl  „„-  lialii,-,!  ;  i  \ 


urii.HT  <  ;.|  |ia"(  i|  ihriHiuh 


K'l     Till'  uii(£ln.|  ilrjcil  I 


«'Xl<ri<ir  of  till'  riiiciioM  I'l 
silica  liilif  (>\. 


(lal    with   it- 


liaru'r  w.i-  iiilrciiliictil   intu  ijn 


iriini'f,  that  i.,  mtu  thr  ,„U\  |>rnj.riii,ir  ,.|m|  ,,f  th- 


"It      'rriiijictnliirc   ami    liim 


ili'Micil  liiii|Kraliirc  liail  I 
III'  till-  liiriiaii'  at  M. 


ol>-.i\atiiiiiv    wrr..    I«uiii,     and    wlim    the 


11(11  iraijitcl.  the  liiial   wa-  in 


•  •I     'rill'  niri  |)M.|irr  liail    iiuw  luiiiriiinnil. 


if  tiiiic  aiHJ  lr!n|M'(aiiir 


iiiMil  i<>  ilir  intcridr 
ilnriim  wlii.li  (lii-crvationK 


th.'  t 


iln|i(iaHiii    ciin^l.int 


"•  w.iv  mail.'  alKJ  llir  ilicsiat    i;ii  a.||iiM.'.|  i,,"  k 


'I'l     Aft 


froiii  il 


'I'    :i    ilrliliili'    liiiM'    till'    I 


lllli 


iWcil    ti 


i-i'lll.i'  (if  till'  fiiiiiacc  til  ll 


Hi:il    with    it«  riiiil.nt>    wa>   with.ira 


till!-  Was  fliiwinu. 


lull    Ihiiiiiuh    whii'li,  iJiiriMir   || 


»•  ruulinu  I'haiiilicr  ( i\. 


in  which  it  wi 


Wll 


ic  cuolinu,   cailiiin   iniinnviijc 


urail 


IKI      When    till'    l„ 


-al    wa-    coiil,    the  .•iiiriMl   ,.■    i-arl.iiii   i i,,xi,|,.  was 


ilall\  iliiiiilii^hc.l  l.y  i'l.i>inu  the  link  (  ■.  iHitil  It  wa-  ( 


'III      U  lii'li  the  liiiat 
li  t 


Was  ciiiili'il  til  I 


ri'iniiM'ii  til  a  di'^sicatnr  ami  wcijihi 


iiiallv  .11' inly  c  it  ulT. 
II'  atiiiii-|ilnrii'  l.iii|iira:iiii  .  it  was 


'I'll!'  larli.'f  iiliM't'val 


iiill^  nil    ll 


monoxiilc  Wire  inailc  witlimit   the  iiriiaiiliun  t 


II'  ri'.lilctiiiii   iif  ciiliall    iixiijc  w  ih   carl 


<  '<•  lias,  |)art  if)  uf  t 


.1  ciHil   ill  an  at- 


'■III 


ll 


I'  run.     In  ihi'-  early  w.itk  the  l.nai 


»|iliere   I, 


le  furnace  ami  iiniiieilialely  iiiac.-.j  within  tl 


W.I-  r  in.i\. 


fnuii 


A 


a  resiili  of  1 1 


11'  i|e»-icali)r. 


to  u  very  ijeciiieii  extent,      .\    niiiiilier  of 
(IcRrcc  of  ri'.i\i.latiiiii  I 


il       i--»iiinj;   111    the   alniii-iihere.    reuxi.lati  .,i    |i„,k    D 


of  th 


ii'iiii;.  Ill  ciiiirM' 


run-  of  this  .-oi ,    were  made,   tj 


nore  or 


tsv  runs  niven  lieli.w  in  full,  Hims  |      1 1, 


les 


ire  t\ 


-  accidental.     .V  siimli   pair 


|iic:il  111  ihciii  al 


(Ol'.AI.T   (».\I1)|;   I'Olt   (  AMMON    .MuNOXlDi;    |{|;|)l 

i:.\i'i;i{i.\ii:\Ts 


<  TlO.N 


The  ciiliall   i.xiih'  for  I  he  (   (  )  lediicl 


method  iiiillini'd  on  pane-  :>  and    I.     it  aualv-ed 


ion  experiinenis  wa-  purified  l.v  th 


(■(.() 


,'l-    full. 


u-e<l  for  Huns  r     Will. 


.\i 


It  wi! 
nickel,  and 


Si( ), 


noticed  that  this  oxide  emit 


iitanied 


■•).  1' 


trace 

()  lit'; 
(»  l.v, 

0  lt.')2', 

.11  :{!i'; 


to  he  colialt  oxide.      .\ 
cal 


iron,  in  the  form  of  oxides  which  niav  I 


I',  of  tl 


e  inelal-  cobalt, 


IV  sa 


iiiipl 


le  computed  without  error 


72  4     _ 


99 


=  72'!t' 


III   colialt. 


11 


iple  coiitams.  therefore,  (|,  7.-)' ,    of  unredilcihle 

riinnitig 


cilim  sulphate,  calcium  oxide,  and  silica,  9!t-2',    of  col.alt   oxid 


Ms    oxide,    therefore. 


to  ('o,(>..     Tl xxjiin  cont 


rresponds    very    closely 


carl 

iicciirate  to  within  the  ex|)crimciital  error  of  1 1 


cut  of  the  suiistance  which  could  he  reduce.l  1) 


Mill   monoxide   is   equal   to   27    1 '  ,    of  992' ,  =27,(l'    .      This   f 


[if  the  folJMVvi! 


iiiJ  conijHiiatioiis.    That  i,-  t. 


ijjiirc  is 
runs,  and  is  used  as  the  l)a,sis 


ccntajr*'  loi^s  in  weight,"  27  ()' 


a>,  in  (he  coliinm  headed  "  IVr- 


la-st  column  headed.   •'  Red 


would  represent  complete  reduction,  and  the 


uction   where    KM) 


computed  in  terms  of  27  ()' ;  actual  red 


,    IS  complete  reduction. 


iiction  as  total. 


m 
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'llif  following  are  tin.'  data  and  the  icdiietions  coniixited  tlierefioiii:  - 

Reduction  of  C03O.  with  CO— Cooling  in  the  Atmosphere 

A  miiiiher  of  tlie  first  runs  were  made  reiluciiim  ('o,(),  wilii  CO  and 
allowing  the  rediieed  imxhlct  to  cool  in  the  atmosphere  i)efore  weiKiiinK. 
As  will  i)e  seen  i)elow.  under  these  conditions  reoxidation  took  place  rapidly, 
so  that  hut  a  singh'  pair  of  runs,  l{uns  I  and  II.  are  (jiven,  which  are  tvpicid 
of  them  all. 

Hull  /— Decemlier  10,  1!)I2. 

Boat  I. 
Average  temperature  tJU2°  ('. 


Tiiiii'  of 

l>o;it    in 
furnace 

I'ilM,'    l,f 
rrliii>\;il 
of  tM,:it 

'I'l'llllnT- 

alurc 

riiin-  <if 

N-ltuclillll 

111  iijiri'. 

W.Mtlji    (if 
l..:,l  •(■ 

lil-.iiiooBruniK 
111-35211  grains. 

1...-    IN 

"fiiilil  m 
liraii.s. 

I  o>.'  in 
\M-ii.'lil  in 
IHT  ri-nl. 

lli-li 

Ui-duction 
where  KHi'o 
i^ruiiiplete 

n-<luc(i(in 

n  ij 

II  45 

11  :<ii 

y>7°  C. 

II 
I.I 

Il-.'l:l."i 

3!l-3'; 

12  074 

1.'  nil 

5Hn°  ('. 
lion"  ('. 

311 

111-34411  sru  111.'*. 

II-221.-, 

111 

41  1'; 

3.3U 

11'. ■.'.'! 

,5*1°  {'. 

4.-1 

III-351NI  itraiiis. 

11-21.V, 

Ill-S 

3'.i-<i'-; 

3M 

4  li 
4  3U 

3  45 

4,117 

4  2-.' 

1(211°  c. 

11111°  c. 
111.5°  <•. 

(1111°  c. 
«iio°C. 
6111°  C. 

(ill 
7j 

.^:' 

lll-3llSlleraMis. 
111-3(1711  uralii.-.. 
lll-33nlBraiii.v. 

ll-257."i 
II  2.",v-| 
li-2:i."M 

12-'.l 
12-9 
11-s 

47 -y;. 
47-y , 
43 -li', 

4  47 

4.40 

B!ili°  C. 

'.12 

III-34IK1  Brums. 

0--'2.V, 

11-3 

41  y; 

5  112 

li'S   <■. 

1117 

in-lllllBralns. 

0-  l,54J 

7-.S 

3ii-(i'; 

Initial  weight  of  Itoat+dried  o.\ide=  10- .")(1.m  grams. 
Initial  weight  of  ('030,=  MHtUti  grams. 

Hini  //—December  10,  11)12. 

H(1\T  II. 
Average  temi)erature  't'M°  ( '. 


Til )f 

[ilacinK 
lH>at  in 
furnai'i- 


11  27! 

12  ml 
3.30 

4  07 
4.40 
5.01 


rinH'  of 
ri'ino\al 
of   boat 


11  .V.'J 

12  15 
4.0t) 
4  30 

4  55 

5  32 


1  t-llipc-r- 
aturt- 


5»5°  ('. 

575°  C. 
575°  C. 
575°  V. 
(il«l°<'. 
lli°C. 
(1IKI°C. 
61111°  C. 
«(MI°','. 
(KU'  C. 
6(15°  L\ 


Tiiiu-  of 
n-iliK-lion 
in  iiiin^. 


3  1 
4.i 


112 
142 


WcIkI,!    of 
iKial  •  (.'0,(1, 


I3-3:i4!i  ttranis. 
13-(i,'i7ii  uraliis 

13-(17(liiiiraiii«. 

l3-(l412Branis. 

13-(Ki(lii  Kraliis. 

13-(Kfriliraiiis. 

13-liitlo  iiradis. 


I  o-s  in  Loss  in         Ki'iluclion 

\m-ik1i(  in       w, ■milt  in      v\tn'n'l(io% 
Biaiii,-..  iKTt-i-nl.        (sroiiiDlutc 

rejucliun 


0-24711 
(1-23111 
0-2I13II 
(l-214'.l 
il-21S'.l 
U-2.1411 


12-1 
11-7 

l.i-J 
12-3 
II  '.1 
lil-3 


4(i(r; 

43-3'; 
4^-y ; 
15-5'; 
44(1'; 
31S-2'; 


Initial  weight  of  boat+dried  oxide  =  13-3049  grams. 
Initial  weight  of  ('o,( ),- 1  •  9344  grams. 


The  rcoxidution  of  colmlt  oxide  after  reduction  witii  carlMHi  monoxide 
takes  place  with  urcat  vitjour.  If  the  l.oat  he  witiidrawn  from  the  hot  furnace 
directly  mto  tiie  atmospiiere.  it  may  he  seen  to  jjlow  wilii  (treat  hriihancv 
If  the  content  of  the  i)oat,  while  still  warm,  he  snapped  (,ut  on  the  flooV 
It  will  reoxidize  with  such  vigour  that  a  cracking  sound,  as  of  a  mild  ex- 
plosion. IS  heard  to  attend  the  reaction.  That  is.  the  reoxidation  takiim  place 
accordiUK  to  the  reaction 

t>('o()-|-(),  =  2Co.(). 
IS  extremely  e.xothermic. 

In  the  runs  I  and  II.  Decemher   IC.  during  the  first   part  of  the  run 
and  up  to  the  time  that  it  he^tan  to  nain  in  weight,  the  Cot),  in  hoth  Iwit-" 
Kradually  chauKcd  to  a  Krey  colour.    \X  the  end  of  the  run  it  was  l.la.^k  a-'ain 
I  his  grey  material  is  CoO. 

(hi  account  of  the  irrcRularitus  of  reoxidation.  the  furnace  reaction 
chamher  was  letiKthened  hy  suhstitutiiiK  a  silica  tuhe  of  length  lA"  for  the 
one  of  l.-uKth  I()  as  shown  in  Plates  V.  \I.  and  VII.  The  ov.ThanRinK 
tuhe  ON.  ahotit  1  foot  in  leiiKth.  was  cooled  hv  water,  and  served  as  a  cooling 
chamber  for  the  hoat  while  CO  ^as  w.is  still  passed  throUKh  it. 

The  followiiiK  runs,  representative  .,r  a  lar^e  number,  show  the  rate  of  the 
reduction  of  cobalt  oxide  by  ( '( )  ^as  when  the  cooling  was  controlled  s„  that 
no  reoxidation  could  take  plac(>. 


Reduction  of  Cobalt  Oxide  by  Carbon  Monoxide  Cas 

in  CO  Gas. 
Reduction  of  Co.O,  with  CO  at  350°  C. 


-Cooling 


linn  ///—April  24,  1913. 


AveraRe  temperature  :547°  C" 


Time  of 
plucinu 
boat  in 
furniitv 


Till,.-  ,  f 
rfinuvjil 
of    iMKlt 


3   III 

n  45 

I.M 

3  33 


5  1.5 
II  55 

2  III 

3  47 


Tl'llipiT- 

aturf 


.i:)N°  C. 
W.!"  ('. 

.1511°  C. 
■■»H°  C. 
350°  C. 
,14,5°  C. 
S.'ill"  V. 
.147°  C. 


Tim,-  i,f 
ri'ilucticin 
in  iiiin". 


I.'i 
4.') 

li'l 


Wc-iiiht  of 
l)o;tI  -('(iiUi 


K-IMIllnrunii. 
7-67TII  ;:riini^ 

7-.i;i7ii  uruTii.i 

7-!*I.1ti  urunis 

7,»ijii2  i:rani«. 


1."-^  m  l.ii-'i  in  liriluclion 

vvi-iiihl  in        vM'iiiht  in       uIhtu  UK)' ; 

uraiiia.  inTcfnl.        isi'iiniDloIe 

ri-ituction 


fl-ir,4'l  1^■L' 

ii-jnii  :'.)■:' 

II-I.'H''  'ic'IMlsit  of 

I  .irbon 
(Mill,',  <l,-p„sitof 

I  artion 


87 -3' 
U3-2', 


Initial  weiuht  of  i)oat-|-dried  oxide  =  cS' 0410  grains. 
Initial  weight  of  CojO.  =  2(MM)()  grains. 

The  oxide  became  a  (ireenish  uri'y  colour  at  the  end  of  the  first  five 
minutes,  and  a  unilorm  steel  nwy  colour  at  the  end  of  fifteen  minutes  From 
ttien  on  it  bcfran  to  jrain  in  weight,  due  to  a  deposit  of  carbon 

At  the  close  of  many  runs  at  this  temperature,  there  was  an  extivmelv 
heavy  (leposit  ot  carljon  in  the  boat. 

.'l"'>i;"-i">  was  tyiiical  of  a  number,  which  showed  a  reduction  from  the 
original  black  oxide  to  the  Kr<>en,  followed  bv  a  change  from  tlu-  green  to  the 
grey,  and  then  „  gam  in  weight,  due  to  a  deposit  of  carbon.  The  onlv  possible 
source  of  carbon  was  from  the  carbon  monoxi.le  gas.  so  that  the  finely 
•  Iivided  nieta  he  cobalt,  which  was  formed  during  the  first  stages  of  the 
reduction  of  the  grey  oxide,  probably  acted  catalyticallv  to  decompose  carbon 
monoxide  lms  at  this  tempen.tun'.  Thi.s  i.-  an  .xtivmcly  intercstiug  de- 
composition which  might  W(>ll  be  studied  with  considerable  care 
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Reduction  of  Co,0.  with  CO  at  450°  C. 

Run  /r— April  15,  1913. 

Boat  I. 

AveraRc  tomperaturc  4 Jl  °  C. 


Time  of 
placins 
boat  in 
furnace 

Time  of 
removal 
of  iMiat 

Temper- 
ature 

Til .f 

reituetiun 
in  iiiin.-^. 

SWiuhl   ol 
lKiatrCo,Oi 

I.OS-*  in 

wemht  in 

uram.-*. 

I,0!«  in 
weiKhl  in 
per  CL'nt. 

Reduction 
where  lUU'; 
it*  complete 

reduction 

3  SI 

4  IS 

3  56 

4  25 

45(1°  C. 
447°  C. 
453°  C. 
453°  C. 

II 
5 

15 

»-n5r4  uram.-.. 
7-6152  Kraiiift. 

7-79I12  «ram». 

n-4422 
0-2fl72 

22-1 

i:i-4 

sl-8''; 

49-4% 

Initial  weight  of  boat+dried  oxide  =  80574  grams. 
Initial  weight  of  Co,O,  =  20000  grams. 

A  strong  odour  of  hydrocyanic  acid  was  noticed  throughout  this  run. 

After  five  minutes  or  so,  a  deposit  of  carl)on  began  to  form  in  the  boat 
due  to  the  decomposition  of  carbon  monoxide  bv  finely  divided  cobalt,  as 
in  the  runs  at  350°  C. 


Run  V— April  10,  1913. 


Bo.\T  I. 
Average  temperature  453°  ('. 


Time  of 
Dlacinx 

Time  of 

T 

nip  of 

t.o!4^  in 

Lo^-*  in 

Reduction 

rem  ova! 

rfinpcr- 

rvt 

lurtinn 

WoiRht   of 

weight  in 

weight  in 

where  Kit)' ; 

boat  in 
furnace 

of  boat 

atun- 

in 

nuns. 
1) 

iMCit +rn,i(>i 

Krum.t. 

per  cnt. 

is  complete 
reduction 

2  21 

455^  ('. 

N -0576  Brums. 

■2  2(i 

455'^  C. 

5 

"•G.'J!ll)  Kr..iiis. 

0 -12711 

21-4 

7!l'2'"c 

2  55 

ISf)"*  C. 

3  35 

3  (15 

45*i°  C. 
447M'. 

15 

7-7032  Bmms. 

0-2644 

13-2 

48-4% 

4  (t5 

455°  ('. 

45 

■S-orsrigmmit. 

Buin 

4  36 

451'' ('. 

4  51 

452*'  C. 

6(1 

8-1372  Bmms. 

Kuin 

Initial  weight  of  Iwat+dried  oxide  =  8057G  grams. 
Initial  weight  of  ( 'o ,0 .  =  2 ■  (KKM)  grams. 

Throughout  this  run  a  strong  odour  of  HC'X  was  noticed,  as  in  the  run 
above.  This  is  true  of  all  the  reductions  of  cobalt  oxide  with  carbon  monoxide 
in  the  neighbourhood  of  450°  (,'. 

These  two  runs  are  typical  of  a  large  number  of  similar  ones.  Our 
observations  seem  to  show  that  the  decomposition  of  CO  by  Co  takes  place 
only  through  a  temperature  interval  in  the  neighbourhood  of  from  300— 
450°  C 
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Reduction  of  CoO,.  with  CO  at  600"  C. 

Run  r/— February  18,  1913. 

Boat  1. 
Average  temperature  583°  C. 


Time  of 

Time  of 

Time  nf 

placinK 

ri'inovHl 

T*'lii[>t»r- 

reilueti'in 

WelKht    of 

boat  in 

Ot    t)OUt 

mure 

in  iiiin>. 

hinit  ..-('o.O 

furnace 

11  M 

i58ll°  C. 

II 

7.;i:ilHl  itniiii.* 

11  4U 

574°  C, 

.1 

I'l-Wlli  Kniiii- 

t.a 

5»J°  C. 

■  !I2 

3M°  C. 

l.> 

ti-771'n  uraiiis 

4  48 

5W)°  C-. 

Feh.  21) 
4  09 

.1  ■ 

Mil"  C. 

3o 

li  77III1  uraiiis 

- 11°  C. 

<H'  C. 

.111 

>  it 

..12°  C. 

i-x 

i7S°C. 

) 

1)5 

li.7li.Vi  iiniiii.- 

hoHi*  in 

I. OS!)  in 

Reduction 

vvciKht  in 

weiuht  in 

wluTe  IW'e 

unitiis. 

[MT  cent. 

i--*  cnnipleto 
rt'ductioD 

o-:i.'5ii 

0-.-..'7li 
O-.MGll 

U-.Visl 
l|..->41ll 


16' 2 
2li-4 
2(i-» 

2(i-9 
27-0 


J7.S^o 

'.Hl-6'-c 
lt)0-0<"; 


Initial  weight  of  l)oat4-tlrie<l  oxide  =  7- 30(10  KraiUi 
Initial  weight  of  Co,0,  =  2  0020  grains. 

Run  17/— February  18.  1913. 

Bo.\T  II. 
Average  temperature  590°  C. 


Time  of 

Time  of 

Tin f 

I.o.'-  in 

placinK 

removal 

remper- 

retltu'tiim 

Weiiiht    ..1 

weiiiht  in 

where  IIH'  i 

boat  in 

of  boat 

ature 

in  iiiin^. 

iHjat^Co.l  It 

KraniM. 

furnace 

reduction 

Feb.  21 

3.41 

598°  C-. 

i; 

S-lWild  Kniiiis. 

4.01 

S9()»  C. 

"  1 

■■53III1  uniiiiv 

n-.i:uii 

26-5 

U81'"o 

4  44 

" 

554 

5»s»  r 

311 

7-.')2S;i  uraiii.... 

(I-.W3II 

26-6 

98-4<~, 

Initial  weight  of  hoat+drit'd  <>xi(le  =  80()10  grams. 
Initial  weight  of  C'o3()4  =  2(KKK)  grams. 

Run  r///— April  3,  1013. 

Boat  I. 
Average  temperature  600°  C. 


Time  ot 
placinK 
boat  in 
furnace 


11  14 


Time  of 
removal 
of  Ima! 


leinper- 

ature 


595*  C. 


Time  of 
ri'<luction 
in  min>'. 


0 

1(1 


Weight   of 
boat  ^-ro.O, 


I       S-13.1  grams. 
"■713  Rram!<. 


I.o'*-'  in 

neiKtit  in 

Kraiiii. 


Losa  in         Ueducttnn 
weighl  in      where  lOO^o 
Der  ct-nt.       is  complete 
reduotioo 


21-0 


77-9%, 


Initial  weight  of  boat -f  dried  uxide^H-  133  grams. 
Initial  weight  of  ( 'o.O.^ilMM)  grams. 


Run  /X— April  3,  1913. 


28 

Boat  II. 
Avcrago  tomperature  597°  C. 


Time  of 
plucinK 
boat  in 
fumaee 


Time  of 

rt'inovul 
of  iMjat 


Temper- 
ature 


4  36 

mm"  c. 

4  41 

51)2°  C. 

S.02 

690°  C. 

5  12 

'     606° C. 

Time  of 
reduction 
in  tiiin^. 


WtMKlit    of 
i>OUt-t-('Oi()4 


H -6266  Brum;*, 
S'JlUJ.i  Kraiiis, 


8- 1315  grams. 


i^ai  in 
weight  in 

graniH. 


0-4241 
0-4II5I 


I,oH!*  in     ,    Reduction 
weight  in    i  where  100' c 
percent.     ■   is  complete 
I     reduction 


21-2 
24-7 


91  0% 


Initial  woight  of  boat+dried  oxidc  =  8(>26G  grams. 
Initial  weight  of  00,04  =  2- 0000  grams. 


Run  A'— April  9,  1913. 


Average  temperature  61 P  C. 


Time  of 
placing 
boat  in 
furnace 


Time  of 
removal 
of  boitt 


Temper- 
ature 


Time  of 
reduction 
in  niinij. 


S  21 

603°  C. 

0 

5  41 

630"  ('. 

20 

Api.  in 

11  04 

609°  C. 

11  21 

603»  C. 

37 

11  45 

«03»  C. 

Weinlit   ot 
boat  f  C'ojl  )i 


S  ■  6280  «ra  III  ,1. 
8II98S  grama. 


8(l986«ram». 


l^tts  in         Ix}8!i  ID     j    Redurtion 
wi'iaht  in       weiiiht  in    i  where  IWc 
uruniK.  per  cent,    j  is  complete 

I     reduction 


0-5282 


0-5294 


1 


26-4 


Reoiiiliied  on  taking  from  cooling  tube.     Hun  continued 
with  new  iiample. 


Initial  weight  of  boat+dried  oxide  =  8-6280  grams. 
Initial  weight  of  Co,0,  =  2-0000  grams. 


Time  of 
placing 
boat  in 
furnace 

!      Time  of 
removal 
of  boat 

Temper- 
ature 

!    Time  of 

'    reduction 

in  min.^. 

VViiglit  of 
l)oat-|-C'o,0. 

fx)8s  in 

weight  in 

grams. 

Loss  in 
weight  in 
per  cent. 

Reduction 
where  100"  c 
is  complete 

reduction 

Apl.  II 

2.18 

611°  C. 

0 

8-6283  grams. 

405 

625°  (,'. 
625°  C. 

49 

8  1IJI6Bram« 

0-5267 

26-3 

97-7rc 

5  13 

4  25 

611°  C. 
603°  C. 

69 

^■  0970  grams. 

0-5313 

26-7 

iS-S% 

Apl.  12 

5  3U 

613°  C. 

86 

8-0840  grams. 

0-5443 

27-2 

m-0% 

11.07 

602°  C. 



12.  "7 

613°  C. 

146 

8-0864  grams.       ! 

0.5419 

27-1 

100-01 

Initial  weight  of  boat+dried  oxide  =  8-6283  gram«. 
Initial  weight  of  Co,0,  =  2  0000  gram.s. 
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Run  X/— April  23,  1913. 


Boat  I. 
Average  tcmperitu...-  594°  C. 


Time  of  Time  of 

Dlacins  removal 

bout  in  I      of  bout 
furnace 


Temper- 
ature 


Tim.,  c.f 
ri'duction 
in  min-t. 


I 


I.OXH  in  IxjM  in         Ilo<luclion 

»ii«lit  u(  » unlit  m   :   weiiht  in      where  lOU" ; 

twKit+CoiOi  leram^.     ;    percent.    ■  iscomplete 

'    reduction 


3.43 
3  37 
4. IS 

5.13 


2.47 

3  47 

4  4S 

5  3) 


Mt'C. 

ssrc. 
euo'c. 

»90«C. 

«io«c. 

«02»C. 
«<»)'  c. 
MS"  C. 


0 

s 

IS 
45 

6<> 


7"5'!r<l  grams. 
7-3J4S  «rani8. 
7-517J  gramx. 
7-.'jl7J  Brum-i. 


0'513lJ 
0  5M2 
0-5:iJ» 
0.,532S 


Initial  weight  of  boat+dried  oxide  =  8  05(J()  grams. 
Initial  weight  of  Co,O,  =  20000  grams. 


Run  X//— April  23,  1913. 


Boat  II. 
Average  temperature  601°  C. 


25-7 
26-3 
26-7 
20 -7 


ilSll'i 
97- 2'-; 


Time  of 
placing 
boat  in 
furnace 


n  34 

II  55 
2.34 
3.0* 


Time  of 

removal  Tempcr- 

of  boat  ature 


Time  of 
reduction 
in  tiling. 


Wi'iglit  of 
iHjat  f-CoiOi 


I.09S  in 
weight  in 

graiii!*. 


I.OIW  in         Reduction 
weight  in      where  IIW.c 
p<!r  ci-nt.        in  complete 
reduction 


11.29 
12.05 
3.54 
3  24 


etii" 

8I)U°  C. 
600«C. 
SOS^C. 
«04»f. 
601°  C. 
598°  C. 


»  S-M2II  graiim. 

5  81192  grams,  fl-5I2!i 

13  8-1018  grama.  0.5.3.>ii 

45  j     8-1012  grams.  0-5.!(l8 

61)  j     S- 1002  grams  0-5318 


25-6 
26-5 
26-5 
26-6 


Initial  weight  of  boat+dried  oxide  =  8  6.320  gratns. 
Initial  weight  of  ('oi(),  =  20000  grams. 

Reduction  of  Co.O.  with  CO  at  750°  C. 

Run  X///— April  26,  1913. 

Average  temperature  754°  C. 


94-9";, 
98-0«"„ 
98  0% 
98-4% 


Time  of 

Time  of 

Time  of 

I-osa  in 

1.033  in 

placing 

removal 

Temper- 

reduction 

Weight  of 

weight  in 

boat  in 

of  boat 

ature 

in  nuns. 

Imat+CoiO. 

grams. 

per  cent. 

is  complote 

furn.icc 

retluetion 

2  43 

,     757° C. 

0 

8-630»i  grama. 

i 

3  31 

2.48 

'    755°  C. 
:     752° C. 

3 

"■1^172  grams. 

:     0-5334 

26-7 

W-0% 

3  31 

748°  C. 

15 

s(l94ll  grams. 

0-5366 

26-8 

^■3% 

4  10 

75(1°  C. 

4.40 

748°  C. 

45 

V0934  grams. 

0-5372 

26-9 

99-8% 

5  20 

7.58°  C- 

5  35 

7.58°  C. 

llil 

8'11928  grams. 

0.5378 

26'9 

99-8% 

Initial  weight  of  boat+driwl  oxide  =  8- 6306  grams. 
Initial  weight  of  ('o,(),  =  2  00(K)  grams. 
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ftun.Y/V—June27,  1913. 

Average  temperature  752°  C. 


Time  ot 

Timo  ot 

placini 

removal 

I'l'IlltXT- 

t>oat  in 

ol  IkwI 

aluri- 

(uniacL> 

303 

rs3°  c. 

■i  08 

75(1°  C. 

2  43 

IM"  V. 

1  S3 

;sii°  c. 

3  .' 

74K''  V. 

4  OS 

752°  C. 

4  33 

748°  C. 

4  SO 

751°  C-. 

Tinir*  of 

rt'iluction  Weight   of 

in  iiiin:*.  Iwiiit  ff'o,* »» 


\.o-M  in  LoiUM  in         RMuetion 

wpiKht  in        wt'inlit  in       whero  MW.'c 

RriiiiiA.  ptT  CL-ni.        i.t  complete 

reduotioD 


0 
3 

»-(l3(lfl«rurn,'.. 
S-IKI52  iiniiii». 

I.) 

»-ll94ngrani». 

43 

S-lHl3iUraini, 

lid 

.*s-<1C'S  BraruJ'. 

n-5354 

26-8 

09 -ST, 

0M66 

20  ■» 

n-v^o 

0M76 

26 -U 

99  ■8<". 

0 -5.178 

21 -9 

m  ■»<■•„ 

Initial  weight  of  boat+dried  oxiiie  =  8t)30t)  grams. 
Initial  weight  of  ('ojO.  =  2()000  grams. 


Run  A'V— July  29,  1913. 


.\v(Tag('  temperature  749°  (' 


Time  of 

Timt'  of 

T 

line  of 

phicinK 
boat  in 
fumico 

removal 
of  Imku 

TentiKT- 
aturr 

re 

in 

iueticm 
Miin-. 

u 
5 

V>t>iKht   of 

iHial  ^CoJ  >i 

weiKht  in 
icrain..'. 

«eiKlit  in 
IKT  (\'nt. 

where  llCi 
114  eoniplete 
reduction 

3  S'.P 

4  22 

4  Ot 

730°  (■ 
748°  ('. 
735°  ( '. 

M- 1306  lira  nix. 
7.tiltiil  Krani!«. 

0-32O6 

24-0 

92-3''i 

4  40 

4  32 

748°  C. 
730°  C. 

15 

7..'37til»  grain.«. 

0-5597 

20-7 

99-irc 

S  32 

5  10 

736°  V. 
734°  C. 

45 

7.5701  Kranis. 

o-.wns 

20 -S 

oa-sf-t 

10  58 

5  47 

730°  <;. 

750°  C. 

on 

7-5r5U  Kruin^. 

0-5607 

20-8 

DO- 6"; 

12  21 

750°  (.-. 

1511 

7..'i7r.I  (rrairiH. 

0-.3605 

2U-8 

99-«<:;, 

Initial  weight  of  boat+dried  oxide  =  8-  13ti(i  grams, 
Initial  weight  of  ('o,O.  =  20903  grams. 

Run  AT/— July  25,  1913. 

Average  tem])erature  751°  C. 


Time  of 
placins 
boat  in 
furnace 


2  30 
25) 

3  47 

4  40 


Time  of 
removal 
of  iMiat 


2  .35 

3  on 

4  17 
4  .55 


Time  of 

Teinpi-r-        rcdurtion 

iitun-  in  min.'. 


748°  C. 
75;l°  C, 
75;i°c, 
748°  <■. 

748=  r. 

7.58°  C. 
74S°C. 

7.vrc. 


Loss  in  I.osM  in         Ilt'tluction 

\\eiKlit   of  weiKht  in        wi-ikIii  in       where  lOO'r 

lioat^Co.Oi  Kram?«.  yi-r  c.-ni.        i-scomplete 

reduction 


S'IM58  grams, 
7-5250  gram.s, 

7-5132  grams, 

7-5124  urams 

7-5110  grams. 


0-52118 
0-5320 
0. 5.134 
0  .5342 


26-11 
26-6 
26-7 
20-7 


96-2''; 

9S-,s';, 
wi-. 


Initial  weight  of  boat+dried  o.\i(Ie  =  8-0458  grams. 
Initial  weight  of  CojO,  =  2-t)000  grams 
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Reduction  of  Co,0.  with  CO  at  900°  C. 

Hun  AT//  -July  27,  1913. 

Average  temperature  <.K)()°  ('. 


Time  of 
placing 

'riiiii'  of 

r.-IM.,V!ll 

TfrinKT- 

1 

UTM-  „t 

liirtinn 

rti-iuhl   of 

T-ow  in 

wiMKht  in 

1 

.fy*'*  in 
■ikchl  in 

K'lluCtioD 

»ii<T,-  ii»i<; 

iKiat  in 
furnarr 

nl    h<>:il 

aluri' 
U(I2«  C. 

in 

iiiin-<. 
tl 

JHiat  •Ci^ll, 

8rH3ll|irulii». 
;j13«  «ratii». 

KrafTi-, 
OS.«M 

V 

•r  r  -nl 

i-Tdiiiplete 
rt'iluction 

4  It 
4  41 

4  ir, 

2«5 

9Sl'-e 

5  Jil 

4  .-il 

m2^  ('. 

i:. 

T-siiS:'  jniiMi. 

O-.VIT". 

:'fl'9 

M'sr; 

II  <i3 

.->  ,Vl 

wr  0. 

4.-I 

TjiUll  rtraiii-. 

0-3:l9(l 

JT-l) 

liin-0''i 

11  l!l 

SM°  c. 

(III 

7-*>)m)  itritiii!«. 

nam 

2:-(i 

ino-iri 

Initial  weight  of  hoat+dried  oxide  =  8- 1)430  grains 
Initial  weiKht  of  ("o3O,  =  20tK)0  grams. 

liiiu  AT///— July  23,  1913. 

Average  temperature  9(X)°  (". 


-  

—    - 

Time  of 

Tinio  of 

1 

Hill'   of 

t...,,  in 

olucinn 

riMiioval 

ri'inm-r- 

rt- 

lunion 

W.-whl    cif 

wi'itffit  in 

Ixrat  in 

of  Ijoat 

uturf 

in 

iiiins. 

Uiat  +('o,Ui 

sralii-*. 

furnaci' 

! 

->  53 

a(r>°C. 

1) 

»-IH3ll«raiii'>. 

2  5S 

m2°  c. 

3 

7-511H  Kruiii^. 

U-5:ll2 

■2.22 

Wlll°  c. 

2  32 

!)OII°('. 

15 

7-5'l62  Krani^. 

11  "iMS 

i  5.' 

IKii"  C. 

3  22 

»1K1°  C. 

45 

r-5i>4»  uraniH. 

U-53N2 

i  51 

wia"  f. 

4  IW 

illll"  f. 

nil 

7-5'l4*«  arariH. 

0-53K2 

I.'i"i  in  Ut'Huction 

wtiKht  in       where  IiMt*; 

per  cent.        is  comiitete 

reiluction 


2«-li 

ii!i-y 

268 

'M-T- 

26-!) 

90-S' 

2fl-(i 

W-S" 

Initial  weight  of  hoat+dried  ()xide  =  80430  grams. 
Initial  weight  of  ('o3().  =  2  0000  grams. 

The  ciu'ek  between  the  composition  of  the  oxitle  used  for  these  CO 
reduction  experiments,  as  determined  l)y  analysis  (page  23),  and  as  determined 
i)y  the  reduction  experiments  themselves,  is  entirely  satisfactory.  For  a 
further  discussion  see  pages  3     H."). 

Conclusions 

la)  The  reduction  of  ('03O1  to  metallic  cobalt  by  carbon  monoxide 
ga.s  takes  place  very  rapidly  at  all  temperatures  above  ()00°  V. 

(b)  Between  3.")0°  ('.  and  450°  ('.,  carbon  monoxide  at  first  reduces 
C'OjO,  to  cot)alt,  but  after  a  time  the  finely  divided  cobalt  decomposes  the 
(.'O  gas,  de])ositing  carlHin. 

(c)  At  temperatures  between  500°  ('.  and  7.50°  ('.,  over  90%  of  the 
reduction  of  CojO)  to  Co  takes  place  in  a  few  minutes,  but  a  further  re- 
iluction  to  completion  takes  place  very  slowly. 

(d)  Uelwtvn  750"  ('.  and  900"  C.,  the  amount  of  reduction  of  (.  0il>. 
to  Co,  which  takes  place  during  the  first  few  minutes,  increases  very  rapidly, 
and  at  the  higher  temperatures  it  is  complete. 


(f)  Wh.T.'  pr.»liic.T  k;is  is  availal.lc  if  should  (.fT.T  a  clicap  aii.l  cffincnt 
means  of  pro.liicinK  lartii'  (iiiaiililirs  of  pur.'  iiiftallic  (•ol)alt  froiii  the  oxidr 

(f)  I'or  till'  production  of  col.alt  from  (■<),(  ),l,v  CO.  the  charKc  must  1m> 
completely  fooled  in  an  atmosphere  of  CO. 

I{i;i)r(  TiONoK  (m.\I.T().\l!)|;\MTH.\J,rMlNIUM 

Tlie  molecular  heat  of  formation  of  aluminium  oxide  lAl.O,)  is  ;«)2  (500 
kiloKram  calories,  and  is  ureater  than  that  of  aiiv  other  metallic  oxide.'  The 
molecular  heat  of  formation  of  ferric  oxide  ll'"e..O,)  is  correspoiidiiu{ly  liloOOO 
kilojjram  .'alorits.  It  is.  therefore,  ohvious.  that  if  linelv  divide.l  aluminium 
be  intimately  nnxed  with  ferric  oxide  iFe ,(),).  the  latter  possibly  in  the 
form  of  rolliim  mill  scale,  that   the  reaction 

Fe.O,  +  l'  .\l  =  .\l,0,  +  2  Ke 
will  take  place,  provided  the  temperature  lie  raised  at  some  point   in  the 
mixture  sufti<Ment  to  start  the  reaction.    This  prini'iple  has  been  used  by  the 
(ioldschmidt    Tl.rnut    Co.    to  produce   molten   iron   for   vyeldiuK  purpose-^ 

It  IS  obvioi.     that  for  every   ItiO  kilofirams  of  ferric  oxiih'  and  .■)4  kilo- 
Rrams  ol  metallic  aluminium  that  are  mi.xed  touether  and  fired  in  this  w-iy 
there  are  ,leveloi)ed    :{'.t2,til)0     llt,-),t)(M)=  l!t7,(KH)  kilonrum  calories  of  heaV 
This  IS  sufhcient  to  raise  the  entire  mass  to  a  white  heat,  so  that  the  molten 
iron  readily  settles  to  the  bottom  from  where  it  may  be  tapped. 

In  a  similar  manner,  metallic  cobalt  may  be  prepared  b     -eduction  of 
cobalt  oxide  with  aluminium  according  to  the  reaction 
:{Co,0,  +  S  .\l  =  -t  Al, (),+<»  Co. 
The  molecular  iieats  of  formation  of  FeO,  Fe.O,,  and  Fe,(),,  and  of  CoO 
CojOj,  and  L'o,(),.  are  Kiven  in  the  following  table:  — 

Molecular  Heats  of  Formation 

I-'t'O  «.'),7l)0'  CoO  .")Or)(K)» 

F.'..0.  l<)-),(i(MC  CoA).  HoioOO. 

Fe,0,  27().8(KC  CoaO,  1!W,4(K)  = 

It  is.  therefore,  obvious  that  for  every  72:5  kiloKrams  Co,0.  and  2i(j 
kilojjrams  of  aluminium  that  are  mixed  tofjether  and  fired  there  are  de- 
'■cIoiumI  4x;{!»2.tiO(l  :{XI!W.»(II(  =  <)!)(),2(M)  kilofiram  calories  of  heat.  We 
would,  therefore,  expect  a  reaction  (piite  as  vindpous,  if  not  more  vigorous, 
than  the  corres|)oiiilins  one  with  ferric  oxide. 


Experiments  on  the  Reduction  of  Co,0.  with  Metallic 
Aluminium 

Exi)eriments  were  tried,  Octob.T  1!»12,  usiiiK  a  standard  (Ioldschmidt 
Thermit  conical  weldiiifi  furnace,  as  shown  in  Plate  Vlll.  Into  this  was 
chat-Mied  a  10  ixmnils  of  finely  di\i(led  Co.O^  with  the  theoretical  amount 
t)f  aluminium,  according  to  the  e(|uation 

;M-o,0,  +  S  A1  =  4  AI,.0,  +  !tCo, 

The  n'action  was  started  by  li;ilitinp;  a  fuse  of  finely  divided  aluminium 
and  potassium  chlorate,  rolled  in  a  piece  of  tissue  paper.  The  furnace  fired 
with  extreme  violence,  often  blowing  off  the  cover  of  the  furnace,  and  in 
every  ca.se  becoming  an  intense  white  heat. 


'Mut!i[lurtiif;tl  (':ilciit;i(inn-<.  J.  W .  Hicli:inN,  earl  I.  lOnfi.  page  Ifi. 
•Palili-.-  AnniU'lli-.  InliTnaliiinalk'N  ili's  Constanlcs.  Vul.  I.  1910.  uaw  128. 
'ConiouteJ. 


Pl-ATK    VI 1 1. 


Cnioiblc  for  the  reduction  of  Co,0,  with  Al:   in  position  over  mould. 


3.1 

The  \igour  of  the  rt'actiun  wuh  w  Kn>ut  tliut  tht>  lininK  of  tho  furnai'P, 
although  the  h«>st  uhin(iiim-iiiu|{n<>siti>-rrm<-nt  mixture,  would  stanil  up 
only  for  two  or  three  charges. 

The  Metal 

The  metiii  proilueeil  in  thi«  inuiiiier  was  reuiliiy  tupped  froiu  the  bottom 
of  the  furnace  into  iron  or  siind  moulds.  It  fre(iuently  eontuiiied  less  than 
0'  I','    of  aluminium,  and,  of  rourse,  was  carlion  free. 

The  various  metals,  chromium,  molyhdenum.  etc.,  made  hy  the  (lold- 
srhmidt  Co.  l>y  this  method,  as  they  have  come  to  us,  run  about  0')'J  in 
aluminium  and  are  carbon  free. 

Conclusions 


This  aluminium  reduction  method  can  ob\iou.>ly  be  used  with  consider- 
able satisfaction  where  absolutely  curlion  frei-  metal  is  retpiired,  and  where 
a  considerable  cost  is  not  prohibiti\<'.  Moreover,  it  alTords  a  method  of  pre- 
paring cobalt-aluminium  alloys  at  once  by  adtling  an  excess  of  metallic 
aluminium. 

The  price  of  crude  aluminium  such  as  miffht  be  used  for  this  purpose  is 
in  the  neighbourhood  i)f  17  cents  per  |)ound.  One  pound  of  aluminium  will 
reduce  and  melt  in  this  way  a  litth-  over  two  poimds  of  metallic  cobalt. 
Therefore,  there  is  a  cliarKc  of  17  cents  in  the  form  of  1  poimd  of  metallic  alu- 
minium, for  the  power  for  reducing  and  melting  two  pounds  of  metallic 
cobalt.  Then'  might,  of  course,  be  some  return  for  the  fused  aluminiiim 
oxide  which  resulted  frotn  the  process,  but  even  allowing  liberally  for  this, 
the  costs  are  very  higli  as  com|)ared  with  the  carbon  and  CO  method  of  reduc- 
tion <lescribed  elsewhere  in  this  paper. 

It  is  obvious  that  the  heating  costs  must  be  high  by  the  aluminium 
nu'thod,  for  heat  is  being  supplied  at  a  teini)erature  greater  than  '21(J()°  C., 
that  is  at  a  temperature  far  in  excess  of  what  is  reipiircd  for  the  reduction 
of  the  oxide  and  the  melting  of  the  metal,  and  with  conse(|ueiit  attendant 
increased  losses,  due  to  conduction  and  radiation. 

OXIDKS  OF  COBALT 

The  following  oxides  of  cobalt  have  been  described  in  \arious  places 
throughout  the  literature:  CojO,  CoO,  Co.O.,  Co.t)?.  Co.Os.  ('o,(),, 
Co,0,o,  CojOj,  Coi,Oi„  CojOs,  ''oO,,  and  considerable  disagreenii'nt  is  to 
be  found  among  the  statements  concerning  them. 

The  existence  of  many  of  these  compounds  is  doubtful,  and  there  arc 
but  three  of  them  which  particularly  concern  the  commercial  manufacturer 
of  cobalt  oxide — CojO,  ,Co,()7,  and  CoO.  These  concern  us  in  the  pro- 
duction of  metallic  cobalt.  We  shall,  therefore,  describe  these  three  oxides 
as  we  have  observed  them  in  the  course  of  our  exi)eriments. 

Cobalto-Cobaltic  Oxide  (Co,0,) 

The  ordinary  black  commercial  cobalt  oxide  which  has  been  prepared 
from  thf  hydrate  by  calcining  in  the  neighbourhood  of  7.")()°  (".,  is  a  mixture 
of  Co,0,  and  Co^Oi,  but  largely  the  former. 

There  i;~  an  abundaiu'c  of  proof  throughout  this  paper  that  this  black 
oxide  is  larp  !y  Co.O,.  of  which  the  following  may  b(>  p;irtii'ularly  noted- 

(a)  The  purified  cobalt  oxide  used  for  hydrogen  ri'duction  experiments, 
making  allowance  for  the  impurities  accoriling  to  the  analyses,  was  computed 
to  contain  72- it',   cobalt.    The  hydrogen  reduction  experiments,  using  this 
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(r)     A.I  a  In:   '  •     i.i...,i  ' 
i^  Cd.O.,  the  f(tr  .  •  ,    ;. 

A   pure  1)1   .  U    \.n 
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at  I():)°C.,  yi.'ldii,.  aclu).    '  , 
iiiicroscopc. 
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wluTfMT  llic  rcilm  tiiiii  \va»  riunplflc.  a  In*-  ul  owucii 
,  .  A-  ua>-h<iwii  nil  paKi'«  I  J  ami  •_'().  tlii-  ilic.-ks  with  thf 
(Villi  allowaiici'  iiiaiji'  for  I  lie  -.iiislii  impnrili.-,  Hciii-f, 
•I  :   l>i'  larKfly  <'ii,()..  as  may  Im'  >ccn  fnun  tlir  lollowinn 

'ii    :    - 

'I'  I'  I   coliail 

:;«• »',     " 

7:)'!)';,    " 

7SH';     « 

'alt    oxiilc   ii»<'il   fitr  the  I'arlxdi   iiiiiiiuxiili'  ixjMTi- 

'■>r  tli(    iiiipiiiilii»  acri.nliim  to  the  aiialx^i^,  wii.- 

■  ,    col-all.     Tlic  ( ■<»  rciliictii)!)  <'X|HTiiiit  iits,  iisinn 

licrrMT  riMJiic'tiiiii  was  I'liiiipli'ti'.  .1  liis»  (,i    ixym-n 

vviis  -liowii  nil  pai;i  ^  2:5  and  M.  tlti-  cliccks  with 

ii't'  itui'  (■  'ur  llif  sliuiit  iinpiiritic*.     Hi'iirc,  I'ms 

CoJ'    ■         diiiu  to  l!ir  lal>if  imdtT  la^. 

'  '  '  ■  k  iixidc  call  iiicd  at  a  (jnoil  red  licat 

vas  tried: 

'■alt   was  tiiadr  Iroiii  i  Irctrolytic      ibalt   li\ 

liod.     This  wa>  calcilird  to  I'mislani  weiaht 

'  1         rowii  powder,  wlii -li  was  uniform  ■mder  I  he 


JMiwder  were  ealciiied  to  eoiistailt   weijjiit 

oweil  a  loss  of  weight   lietween  H    .'>■  ,'  alld 

1 1H|  ,  .    Tlierefoie.  till-  Krowii  p4)\<(|,  ,■  eorrespoiids  \er>  closely  to  ( 'o;(  )j.H  ,( ). 

I'lie  iiialeruil  resiiliinu  from  these  ealeiiiatioiis  was  a  lilaek  powder 
identical  in  appearance  under  the  microscope  with  the  lilack  colialt  oxide  of 
commerce.  A  sample  of  this  pn\ioii-|y  calcined  hlack  oxide  wa.-  calcined  at 
a  red  heat  to  a  cniistant  weight  of  0  ,s:{tM(  mains.  The  same  sample  was 
then  completely  reduced  with  a  mixture  of  hydrogen  and  carhon  monoxide 
jjus  at  !KHI°  C.  which  l.rounht  it  to  a  constant  weight  of  DtiOti.'i  (rrams. 
Thus,  the  loss  in  weight  was  27  2' ,' , 

Kxcept  for  traces,  this  material  was  free  fri.m  non-ieducihle  sujistances, 
so  that  the  oxide  contained  72  ,S' ,  cohalt,  against  7.i  V ', .  correspondiriK 
theoretically  with  ( 'o.O,, 

'J'liis  was  checked  several  times,  which  suhstaiitiates  the  sl.ileiiieiit  that 
hlack  cohalt  oxide  isCo,(l„ 

(d)  A  further  experiment  was  performeil  .i-  follows:  hlack  oxide  was 
hruunht  to  constant  weijjlil  at  tU()°  (  „  and  imnirdialelv  thenafter  l.toujilit 
to  constant  w-eiKht  hy  hcatum  lo  1020°  ( '.  This  experiment  was  tried  sever.il 
times  and  in  e\er\  instance  the  percentage  lo^s  in  weight  was  found  to  he 
vj-ry  close  to  7  1';.  The  icsultiiiK  );rey  oxiile  at  1020"  (  ',  aiialv-ed  7!l;V  ^ 
Co,  correspond  iiiif  very  well  with  (  ot )  (7S-N',   (o). 

The  theoretical  loss  in  passim;  from  Co.O,  to  ( 'o( »  is  Oti'  ,  .  .\s  asaiiist 
this,  the  theoretical  loss  pas-iiiK  from  Co.O,  to  ('o«();  would  lie  :{  :{' ^,  and 
correspoiidiiKjly,  pas-inn  from  ( 'o„0:  lo  ( 'ot )  the  loss  would  Im'  ,i  A' , .  Thus, 
there  is  very  little  douht  hut  that  our  reduction  of  the  hlack  oxide  formed 
at  red  heat,  to  the  )irey  at  1020°  ('.,  corresponds  with  the  transition  from 
CojO,  to  Cot). 

(e)  Two  independent  samples  of  hrinvn  ('o.(),.H<),  calcined  to  con- 
stant weight  at  (i»0°  ( '.,  anal.v.sed  for  cohalt  respectively  74  7'  i  and  7:iH'  I. 
This  anal.vsis  is  hetween  (■,,,(),  =  7;{.  4',   (•,,  atid  ( 'o.t  );  =  7.",- <)' ;   {„.     Thi.s 

iilack  uxide  i.-,   therehne,  larnelv    <"o,(),  wilil  Milne  t   iijU;. 


'tnrlutjinu  very  r»u 
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Tin-  l.lark  li.v.lr:il.>|  coliall  oxide,  ii^  l.trnir.l  .•oiiiiii.niallv  hv  iinrjnjtu. 
turn  fn.ni  u  rlil<>n<li'  or  Milplitil.  ^niiitioii  witli  l.lnirli',  nr  tlif  l.r.iwii  ( '(i,( )  Jl,( » 
nmy  !«•  iiilriii...|  ;ii  any  l.rn|)(ratur<'  iHtuccii  IK'."  < '.  ami  <»l(l°  ('.,  t,i  \  i,|.i 
xiil'stantiallv  the  -aiiir  i)r.Mliii't.  I>ut  in  prailicr  it  is  U^ttrr  In  calcine  at  a  k.hi.i 
rf'i  teiii|«rutiire.  in  or.lcr  iliat  the  calcination  inav  lake  t)lace  with  ic:i>onal.le 

S|MC(|. 

That  there  is  a  raiine  hetween  IK'i"  C  ami  '.tlir  ( ■..  throiiuh  «hi.h  verv 
itth'  oxi.latioii  or  re.liicfion  of  th.'  hiack  (...<»,  takes  place,  is  .jm.um  In  thi; 
followinK  fiuures: 


itiK  fiKure^ 

SlartinK  uilh  (  0,0,.  heate.l  to  constant  weight  al  .N;> 
h)f<>t  ill  weiuht  heatiii){  it  to  constant  weiuht  at  litll'  ( 
loss    "  ••  ..  «      u  «  ..        „      ..„    , 

loss 
loss 
.lust 


0  7' 
12' 

•J  »' 


place  very 
(  ontiiiiiini;  the 


"        "     MiO"  ( 

"     •*  "  "       ••     ',110°  <• 

aiMive  IMO"  ( ■.,  however,  the  re.liiction  lie-ins  in  lak 
rapidly,  and  the  l.lai-k  CoO,  reacts  to  hecoine  urev  CoO 
cxperiineni  for  uliich  the  (inures  aliove  are  uiven,  we  have: 

Loss  in  weiitht  heatinn  it  to  coiistaiil  weight  at    ilSir  (  '  70'  ; 

<  0,0,  shows  no  trai'c  of  luinn  mapictic. 

The  Oxide  iCo.O:) 

('o,.();is  not  to  lie  (listinKiiished  from  CoO.  either  in  appearance  or  in 

met  hod  .)f  preparation:    in  fact,  we  have  not  siicc led  in  r.-rmi-iij  a  pure 

oxide  ot  col.alt  which  analysed  very  ch.se  to  T.Vlt' ,'.     On  tl th,.r  hand,  as 

will  l)C  notieeil  m  many  places  throughout   tin-  paper,   th-  analvses  of  the 
material    ohtaiiu'd    hy    calcining    at  a  red  heat  are  fre<|i-entlv  -omethinij  in 
f'xress   of    ,.i  V ,    after   making   allowance   for    impurities.     W.,    therefore 
a.sMume  that  a  certain  amount  of  ('o,0,  accompanies  the  ('o,(>.. 

Cobalt  Monoxide  (CoO) 

Col.alt  monoxide  is  the  stal.le  oxide  of  cohalt  wt  .  n  calcination  takes 
place  at  a  lii)ih  temperature,  that  is,  in  the  neiiilihourhood  of  1(K)I)°C. 

It  is  a  Kiey  powder  and  may  l>e  reduced  ti>  the  metal  l.v  heatiii"  with 
carbon  monoxide  (jas  at  any  temperatun  ahove  VyO"  (  „  01  with  livdn-.^en 
Ras  at  any  temperature  al)ove  2.')0°  ('. 

("ohaltinonoxide  also  exists  in  an  allotropic  f..rm  which  is  a  vrl    .w-nrren 

powder.     Kitlier  the  >ellow->jreen  or  the  ^rcv  coi.alt    mom,xide'    .Mdi/es  to 

(),(».,  or  to  i  mixture  of  (•„.(),  and  Co.O;  when  heated  t<.  an\  t,  .uner-.ture 

.ctwcMi  ;$.«.->  ^  C.  and  dlO'  ( '.     "l-he  yeilow->ir..n  vai  ..-tv  is  ,va,Mv  formul  l,v 

hcatinn  (0,0,   with   2   to   :V ;     In     weight    (,I    C    at    temperat  ires    m    the 

nei(j;hl)ourhood   of  !)00~'  ( '. 

Numerous  analyses  of  the  purified  urev  oxide  have  l.eei!  made  which 
ranne  around  the  theoretical  value  7s  S' ; .  The  follinviim  eNi,..rimeiit  was 
tried  to  prove  that  yelhm  -rcen  oxide  i-  an  allotroi-ic  form  01  the  ^rev  CoO. 

Ulack  (  o  M.  calcmed  at  Hit)  ( '.  to  constant  weijjht  was  then  calcined 
to  constant  weisht  at  1020°  C.  It  lost  therein  7  1';  in  wvi({ht.  and  the 
{)[•()(  uct  was  Krey  CoO.  Vellow-iireen  CoO,  produced  bv  the  r.Mlurtion  of 
black  (  o(>,  with  hy.lrosen  at  ;{(MI°  C..  was  .■alcine<l  t.,  constant  weight  in 
air  at  I.H)  .  ■..  irainin;;  tliercby  (i  V  :  ■.,-.  ,veisht  ;sr:,!  b,r  :m„K  black.  Thi- 
e.xperiment,   like  the  others,  indicates   that   the  mw   an<l    the    vellow-^reen 
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oxitU'.s  arc  identical  to  witliin  such  limits  that  if  the  ycllow-Krccii  t)c  CoO, 
the  Krcy  cannot  depart  from  it  hy  more  than  the  formula  ('o„0.„.  Such 
differences  as  there  are,  however,  seem  uniformly  to  show  that  the  Krey  has 
slightly  the  greatir  oxygen  content  of  the  two. 

A  further  ex|ieriment  was  performed  with  the  yellow-nreen  oxide  as 
follows:  freshly  prepared  yellow-Kreen  oxide  was  reduced  to  metal  with 
hydrofjen  and  carlion  monoxide  H'ls,  and  brought  to  constant  weight.  DuriuR 
the  reduction  the  loss  in  weight  was  21-.J'  j  in  one  case  and  2 1  ;}' ,'  In  another, 
corresponding  very  well  with  the  reduction  of  C'oO  to  metallic  cobalt  which 
would  he  21  a';. 

Hoth  the  urey  and  the  y;reen  CoO  are  uon-maKiietic,  and  the  samples  of 
grey  prepared  liy  us,  as  well  as  those  obtained  from  commercial  sources,  are 
homogeneous  powders  imiler  KM)  diameters  nuiKnification. 

Nearly  l,tMM)  pounds  of  conunercial  black  cobalt  oxide  have  be<'n  (;iven 
to  this  laboratory  for  these  experiments,  and  the  parts  to  follow,  by  The 
Deloro  Mining  and  l{eduction  Co.,  Deloro,  Ontario,  to  whom  we  take  this 
opportunity  of  expre.ssinjj;  our  thanks.  We  particularly  thank  Prof.  S.  F. 
Kirkpatrick  in  this  connexion,  and  as  well  for  many  valuable  sugi^estions 
durinn  the  progress  of  these  researches. 

The  properties  of  ihe  metal,  as  ])repared  by  the  different  methods 
discussed  in  this  paper,  are  not  considered  here,  ivs  a  discussion  of  them  will 
form  part  of  the  publication  of  another  part  of  these  researches  soon  to 
follow  under  the  title,  "  A  Studv  of  the  Phvsical  Properties  of  the  Metal 
Cobalt." 
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Preimrution  o(  Mct.illu-  C'olialt  liy   K.-iluilion  of  ihrllvi.l,..     Kfiort  on-li.v  II.  T.  K:iliiiu»  U.S..  I'li.M. 

NoTr.-/.i«/»  '■'■  monu'or/iir.r..  of  flau  iir.i^lwl'.  -'■■"■  ■/'.iom,  .,;»rn/nr».  nW  u4«nil-r'  ..'  Iiiui -iiln- .    1..    /.r.- 
,«ir..'  irifi'iiilh  hu  tk,  />ifi..ir.n  ..'  .)/..!.  r.i/  «.  ...  ir.-...  „fil  .<(a/i.<'ir.,  on.f  n./Ji.  >  mar/ '..  *.|./  ..>.  .1 ,./.(..  .idun. 


IS    TlIK    I'ltKSS 


M.    French  ir:in>l m:  Hiiurom..iM  ..r  (iil  -1.:.!.-  of  New   Flrun-»H'lv  iin'l  Novii  .^■oiui    :iU.  on  tin-  llil-^hiilf 

Iniiu.str\  of  Sioihin.l-liN  H.  W  .  l;il- 

14(1.    French  tr,in-l:ilion:  Miun.-m-  Iron  .S.n.l-  of  .S\ii;i.-hlv\':.n.  S^i«u™iy  count>.  <Jui-.     Hcikj"  on     l..\  (•<■<,.  C. 
>l'icki'nzif. 

Wl.     French  trnn..l:iM..n;  lnM-t,B.,i,on  of  the  I'.mI  ».«>.  un^l  l'.;.i  In.l..-rrv  of  C:,n:,.h.  I'lU'-ll.     liulU-lin  No.  » 
— f)y  .\.  \.  .\nrci>. 

2IB.     Huihlinn  Slon.-io(Ciin:iil:i-\ol.  II:  lluililini!  .mi  >  imiiui'nlMl  Siom-  ..f  llii-  Miriliiin'  I'roMm-,-.     |{.-i«irt 
on—  h.v  \V.  .\.  Park:*. 

209.    ThcCoi.wr  Sioi-hini:  In.lu^ti\  o'Ci.niol.i.     I(.'i».rl  on     l.v  A.  W .  C.  \\  il-.n. 

222.    I.oile  Mininii  in  Vukon:  An  Inv.-tmi.iion  o'  ilii'  (Muri«  1),.i«imi-  of  the  Kl.in.lil.e  I)ivi-i..n.     Heiort  .m- 
by  T.  A.  Mi.el.ean.  HA  Sc  . 

245.    (iypsurii  in  Cuniula:  Its  ( iceurrence.  KxpliHi.iiinn.  iin.l  lerhnoloiis .     H.-ii..ri  on— bv  I..  II.  Cole. 

254.    Cnl;iI»oi;ie  Iron-llejirinii  I)i-lrict.     KetKtrf  on     b>  I'..  I.inileiiian. 

2M.     French  Iran^l.tion;  IbH-enl  A. 1  vane-  in  the  Con-lniilion  of  llleclric  Furnaei-  for  the  1'ro.hiclion  of  Pit  Iron. 
Sli^el.  and  /inc.     Hulletin  No.  ;i     by  Dr.  Ilaanel. 

264.     French  trunslalion:   Mica:   Its  Occurrences    IlMiloitation.  anil   l-es.      Report  on~liv   Iliiiih  .■'.  ile  Sehliiiil. 

2M.     French  lr;in-lalion:  Annual  Mineral  I'ro.luelion  of  (  anaila.  I'lll.     HeiK.rl  on  -by  John  Mcl.eish. 


M.M'S 

t8.     Maiinetocnetric  Survcv.  Vertical  Inlcn.sit  v:  Calaliiwi.'  Mine.  Ilawt  tnnnshin.   Renfri'ii  count  >.  dntarto 
by  K.  N.N  Strom.  l!Ht4.     Scale  tUt  fi^'t     t  inch.     Suiiiiiiarj  reDorl.  l'.*".^.     iSih' M:it>  No.  _'r.i. ' 

tl3.     Manneloiiietric  Survey  of  the  ileltuon:   Iron  M^nes.  Keiinonl  town-liin.  IVterlioMUKh  ounty.  Ontario 
H.  F.  Iliianet.  I'Kio.     Scale  tin  feet  ^  1  inch.     SuiiOi;it\  report,  t:"'-*).       S^-e  .Mat)  No.  IH*).) 

tl4.  Masnetoiiietric  .Survey  o(  tie  Wilbur  Mine.  Lavant  tonn..|iiii,  Lanark  counts.  Imtario— by  II.  ]'.  Iliianel. 
1!M15.     Scale  BUfis'l-l  inch.     Sutnluary  reior;,  1:mi.".. 

m.  Majnetoniclric  .Suryi  1 ,  \ertieal  Inten-iU  :  Lot  I,  Concession  \  I.  MaMi  to«nshiTi,  Iliisliniis  i-ounl-  .  Ontario 
—by  Howolla  Frf-chetle.  I'.HK).     Sc:ile  lUI  f.vl  =  I  inch. 

t34  Mannetonictric  Survey,  Vertical  Inl.nsitN:  l.ot~  J  iinil  :i.  Concession  VI.  Mayo  to»nshii>.  llastini.-  n.unn 
Ontario--by  Ilowells  Fr/sh.-ile.  I'Ul'l.     Scale  lid  f.-i^t  =  I  inch. 

nil.  Maunetonietric  Survey.  Vertical  Intensity:  I.ols  In.  1!,  an.l  1:',  Cunci^ssion  l.\,  and  Lots  II  :in.|  IJ.  ('on- 
ee-sion  VIII.  Mavo  township.  Ibisiinits  count  1.  tintario— bv  llo«el|s  IriVheite.  I'lii".  scle  li  I  lin-t 
=  1  inch. 


NoTt.— 1.     Mai>s  marked  this  •  are  to  Ih*  founil  only  in  reitorts. 

:'.     M:ips  marked  tlius  t  have  lai-n  prinleil  mdmendently  of  reports,  hence  can  be  prticureil  sepa- 
rali'Iy  by  applicants. 


VI 


•17. 
•:is. 
•hi. 
•111. 
•11. 
•*•>. 

•IM. 
•.Vt, 

'at. 

HI. 
•fil. 
tM. 

tits, 
tni. 

t72. 

m. 

vt. 

t7.V 
t76. 

t7;. 

t7H. 

m. 

•9.1. 
•1W. 

117. 

•HH. 


.■<urvfS  «l  M.r  Hli'i.'  IViil  lloir.  lil.iuii~.ItT  l<iiiii.>hi|i.  CarU'lim  niunlN.  »l»l  CuihImtIiiiiiI  liiwn.>liiD.  KiumII 
fnunn.  Untitno     K\   l-lrik  N,v-lr*tni,  iinil   \.\.   \nrri».     '/\rn)nii>:in>  inn  rrixirl  .\n..{:l.i 

.•^urvcv  of  .Mfn-it  I'l-iil  Mob.  .\lfri*<l  anil  ('Hliilimiii  lown^liip-.  I'rcvott  i-Kuniv.  On(urio-h>  Knk  .Nystrom, 
tinil  .\.  \ .  Anri'ii.       \rii)iiiti:in>inK  rrtNirt  \i(.  .'(l.  j 

.Survi'V  (»f  Vlcllunil  IViu   Ittm.  Wiiinfltfl  unit   lluinlHT^lnnr  limnolniiM.  Wtliimi)  i'ount>.  Ontario— liv  Krik 
Wv^triHii  ami  .\,  V.  .Vnrt'M.     <  VrittiiiiHinMnu  ri-iiorl  .\o.  ;l.i.i 

.lurvcvof  Ncninnliin  IVnl  Iton.  UsmliriKik.  Knxlxirouiili.  an'l  CiirnHail  timniliuw.  .Sinrnionl  (iiunl  v.  Onlurio 
-by  Knk  Nyilnun  anil  .\.  \.  .\nri>[).     >.\f(-oiii|):in\  inu  n-iwirt  \n.  :M.i 

Siirvivi  of  IVrth  IVal  H<m.  Druninionil  lowa.lmi.  Ijimirk  '.junu .  I  intariii    li\   Krik  .\\ilrorii  nml  \.  v. 
.Xnn-ii.     i.\eiiiiiipan>inK  ri'piirt  \o,  .'tii.  i 

.•^urviy  i.(  Vii'lnria  Kiiail  IVat  H<i«.  nnli'y  ami  Carili'n  tii«n..|ii|k'<.  \  iiKiria  iviunu.  Uniaiii.     Iiy  Krik  N'y»- 
Inmi  anil  .\.  \.  .\nn*i'-     '  \rc(iiii[Kinyinii  ri-imrl  -N'n.  :(  i.i 

Ma«nrliilnHni-  Suryvy  u(  Inin  (nmn  claiiii  at   Klaamli  rntr.  \  aniiiuviT  iT.|anil.  H.(        l.%    |;.  I.inilomon. 
.'.'calf  lid  Iwt  =  1  inch.     i.XcconiiianyinK  rciHirt   No.  47.  i 

.Mannt'tiiiiHtnc  .-lurvcy  ol  Wwlcrn  Slisl  Iron  claim,  at  .S-cliarl.  Vani-ouvi-r  i.<lanil.  H.C.  ~l>v  K.  I.inilcman 
.•N-alc  lill  hvt  =1  inch.     (.\rcoiiiiian>inu  ri'imrt   \o.  47.) 

Iron  lire  I  iccurri'nccK.  Ottawa  and  I'ontiac  o>unla«.  IJuclicc.  I'.HW   -In  J.  While  ami  Frill  Clrkcl      (\cooni- 
lian.vinK  rcimrt  .\o.  LM.I 

Imn  Ore  Occurrence..  .Arncnteuil  o.uniy.  liuel«.c.  imw-  hy  Frits  Cirkel.     (.Vccompanying  report  .No.  23.) 

The  I'riMluctiye  Chrome  Iron  Ore  Di-lrict  of  (Jueljec -hy  Frit«  Cirkel.     l.XccoinnanyinB  report   .No.  it.) 

Mannitoiiietric  .-iurycy  ol  the  Bristol  Mine.  IVinliac  ciunty.  l)ueUc-hy  F.   I.inileiiian.     .'v'ule  21  HI  feet - 
1  inch.     LVccoinpanyinK  report  .\o.  1(7. 1 

Topojraphical  Mao  ol  Hri.«tol  Mine.   I'nntiac  i-ounH  ,  (Juela'C -  In    K.   I.inileinun.     .Sale  2IIII  lcel-1  inch 
l.Xccumpanying  report  So.  H7.) 


!.\ceotiipan.\'inK  report  .\o.  t^.i 


Index  Map  of  .Vova  Scotia:  (iypj*uni~l»  \V.  F.  Jenni^on. 

Index  .Map  of  .Vew  Hrun.nwick:  (J.\|wuni— by  \V.  F.  Jenni.son. 

.Map of  MuKilalen  litandH:  (iyptuiii— by  \V.  F.  Jenni..ton.  J 

Mannetonietric  .-Purvey  of  .\orth«e»t  .Ann  Iron  lianae.  Lake  Tinia«anii.  Nipi.winii  district.  ( Inlario— by  E 
l.imleiiian.     >cale  2IIII  feet  »  I  inch.     <.\cconi|ianyinii  report  No.  Ii;).l 

Hrunner  Teat  Hon,  Ontario— by  .\.  v.  .Xnrcp.        ^i 

! 
Konioka  I'e.it  Hok,  Ontario— by  .\.  v.  .\nrep.       ■   l.\ccornpnnyin«  report  \o.  71.) 

Mrrtckyille  IVat  Hob.  Ontario— by  .\.  v.  .\nrep.  j 

Rondeau  IVut  Bob.  Ontario — by  .\.  v.  .\nrep.  "] 

.Alfred  P.iit  Bob.  <  Intario-by  A.  v.  .\nrep.  '•     (.AcconipanyinB  report  Xo.  71.) 

.Mfred  Peat  Boa.  tintario:  .Main  Diteh  pnilile-by  \.  v.  .\nrep. 

Map  of  .\...be»lo»  HeBion.  Pnivince  of  IJuelai-    lOlli— b\  Friti  Cirk.l.    .Scale  1  mile- 1  inch.       f  AccomoBny- 
IHB  reiKirt  .No.  Iiy.  1 

Map  slum  ins  Cobalt,  (iowBandn.  Shinin«tr«-,  ami  Porcupine  di..tricta— by  I,.  H.Cole.  B.Sc.     (Accomoany- 
in«  Suiiiiiiary  reiiorl,  Iftlo.l 

( ien..ral  Map  of  Canada.  «ho»  ina  Coal  Fields.     .  Accomp;-     -"  report  .Vo.  S,1  -by  Dr.  J.  H.  Porter.) 

(ieneral  .Map  ol  Coal  Field,  ol  Noya  Scotia  ami  Neu   Brun-wick.       AcconipanyinB  n.port  No.  K:l-by  Dr. 
J.  \%.  i'orter. ) 

Cieneral  Map  -.howiiiB  C.kiI  Field,  in  .VIberla.  Saskatchewan,  ami  M.initolia.     (Accompanving  report  No.  83 
—by  Dr.  J.  B.  Porter.  I 

(ieneral  Map  of  Coal  Field,  in  British  Columbia.       AccoinpanyinR  report  No.  M-by  Dr.  J.  B.  Porter.) 

(ieneral  Map  o' Coal  Fielil  in  Yukon  Territory,     f AcconipanyinB  report  .No.  W-by  Dr.  J.  B.  Porter.) 


-Note.- 1.     Mall,  marked  tliu.  •  are  to  Ix-  found  only  in  report.. 

2.     Map.  marked  tliu.  t  haye  bei.n  printed  independentl.\  of  reports,  lienc..  can  lie  procurmi  sens- 
ralelN  by  applicanta. 


VII 


tlii«,     .\u»lin  BrtKik  Inin  Ih-annu  <li«lrirt,  HmiiuMl  Inwiwhiii.  i;li.i]iv«lir  ii.uhin.  X.H.     In  K.  I.iniliiii:iii.  Srule 
4!K)  fwt  =1  inrh.      AccoTiiiHin.  inK  n-Mirt  \fi.  !n5. ; 

tliC      Miiint'l'Xiii'trii'  SiirM'\,  \iTliriil  Inti'llMI v;  Austin  llnok  Imn  Il4';irin>l  l)l-lrnl     lis   K.  I  in.li'injin.     Srnle 
Iim  fivt  «  I  inch,     i  \i'i-<inii«tn,\  inn  ri-iKir!  N'i>.  Prt.  j 

•liw,    IndM  Mill  «himin«  Inin  Ifc-iiring  Ar™  iil  Austin  Hniok    li>  1).  r.mili'iiiun.     ■  Ai(iiTiinin\iniirii»irt  V-..  IHS.I 

•112.    Kk.'trh  libn-hiiwinii  (Itiilimv  ii(  I'mni  Miiriiiiin"<'.  <  >nl.     In  l'riifi'»»iir  A.  C  [jinf.     Sr.ilr,  l.iKUl  (ih-i  -  1  inch. 
\i-ri»iniiiinMni'.  rt'iwirt  \n.  Itl.i 

+  m.     Iliilliinil  IVit   llim,  ()nlnrii.--li\   A.  \.  Anri'ii.       AriMimmnMnii  ri'imrt   Nn.  l.il.i 

Ml'iMT.     MUvi:  Ti.wnshiii  inuiw.  <  intiirm  iinil  IJui-Ut    Ii>  HuiiIi  f".  ili'  S'liniiil.     >  \ciiiniiKinvini  report  Ni>.  IIH.) 

t|:i».    Mien:   Sliiiainn   l.i>rii;i<in  (if   I'rinciiuil   Mim«  :inil  0(iMirnni'i>)<  in  tin-  (JuiUf  Mini   AriM-tiy    Ilunh   S. 
ili<  Si>tiiiiiil.     Scit'ie  3Ufl  liiilii**!  inch,     i  Ai-<iiiii|KinNinn  repiirt   No.   IIS.) 

Il:l!l.     .Mif;i.    .*»liowinii   Uiriition   of   IVinrilHil    Mines  iinil   t  trrurri-nre.s  in    tin-  llnl;irio   Miivi   Ami-liN    Hugh   H. 
ill' Si'liiiiiil.     ScuU*  ;M''5  mill's  =■  I  inch.     i.Xi'co.iiiBin.vinK  ri'imrt  Nn.  lis. 

tU'i.     Mirji:  ShoMinir  Distriliuliiin  of  llii'  rrinniial  Mir:i  t  Irrurrt'nci's  in  the    Dotiiininn   nf  < 'jin;itlji  -  I'      Hugh  S. 
lie  Si'hiniil.     Snale  .'Ml5  unless  1  ini-h.       AceonnuinMnK  reimrt  No.  lls.i 


In    lloneils  Krrelu'tt 


.  4"ll  feet^l  ineh. 


tUI.    Torlinnik  Iron  Hearinn  Distrirt,  AnnaiMih- riiunt.\ . 
(.AcciitiiiMin.vinK  reimrt  No.  llo.  i 

tl4li      Distribution  of  Iron  lire  Samis  of  the  Iron  Ore  Deimsils  on  the  North  Shore  of  the  Uiver  and    (lulf   of    St. 
Lanrenoe,  ('iiniiilii-  l>.v  (lisi.  ('.  Maekeniie.     Seale  lil"lnMes  =  l  ineh.     {At'isiniiianvinii  reiiort  No,  IM. I 

tl47.     .Mannetie  IrnSunil  Deliositsin  Hehilion  to  Nn'ashkuan  harlmur  aniKireat  Nalaslikwan  river.  (Jue.     ilnilel 
MliDl— liy  (leo.  ('.  Maekeniie.     .■V'ale  (II  eliainsj.1  ineh.      i  AiisiliiliJinsinK  leimrt   .No.  14.).' 

tl4K.     Nattishkwan  Matinetir   Iron  Sand   Delmsit'.  .Saltuena.v    eount.v,  (Jue.    -liv   (iis».  ('.   Markenzie.     Sj  .l!»'  l.lHtO 
fei't"»l  inrh.     (  XccoiiUKinMnn  ri'imrt  .No.  14j.  i 

+  1.W.     Map  shoninK  the  Loeation  of  Pe;it  llotis  in\estuated  in  ( inlario— hv  .\.  v.  .\nrep.   1 

1 1.5.1.     Man  Show  ins  the  Location  of  Peat  IVms  investiwiti'il  in  Manilolm— l>.v  A.  v.  .\nreii.    | 

tl57.     I.11C  du  Honnel  I'eal  Hon.  Manitnlw— 1>.\  A.  v.  Anreii.  i 

i 
tl.Vl.     Trunsmissiiin  I'eat  Bob.  M.initoha  — liy  .\.  V.  .\nre|i.  j 

+  159.  Corduroy  I'eut  Ui«.  Manitoba— In  A.  v.  .\nreii. 

tlfW.  Ho»y  freek  I'eat  Ilim.  Manitoba  -In  A.  v.  Anrep 

tlHl.  Rice  lj«ke  I'eal  Ho«.  .Manitoba  -In  .\.  V.  .Vnrep 

tlW.  Mud  Lake  I'eat  ItoK,  Manitoba  -In  A.  v.  Anreii. 

tlia.  I.llter  I'eat  Hon.  Manitob.1  -In  A.  V.  .\nrep. 

tlM.  Julius  I'eat  Litter  I»<i«.  Manitoba     by  .\.  v.  Annp. 

tlii.5.  Fort  Francis  I'eat  Bon.  *intario-by  .\.  v.  .\nrep. 


(AcconipuDvinK  report 
No.  151.1 


^XceonipanyinK  report  .\o.  151. t 


•IfW.     MaBnetoiiietric  .Map  of  -No.  ;(  Mine.  Lot  7,  Concessions  V  and  VI.  McKini  tiiwnshiii.  Sudbury  district.  Ont.— 
by  !■'..  I.indeiiiun.     i.\cci)liipan.\  ins  Suimtiary  reiMirt,  litll.l 

tllJS.     Map  showinn  Pyrites  Mines  and  Pn>si»'Cts  in  Kittcrn  Canada,  and  Their  Kelation  to  the  Inited  States  .Mar- 
ket-by .\.  \V.  G.  Wilson.    Scale  Il'5  iiiiles=>l  inch.     i.XcconipanyinK  report  -No.  Iri7.) 

tl71.    Clcolonical  Map  of  Sudbury  Nickel  renion.  lint.— by  Prof.  A    P.  Coleman.    Scale  1  inile-1  inch,     (.\ccom- 
panvinK  report  No.  170.1 

+172.  Ciisiloiical  .Map  of  \  ielciria  Mine— by  Prof.  A.  P.  Coletiian.        ^ 

tl73.  "         "  Crean  llill  .Mine-In  I'rnl.  A.  P.  Coleman 

+174.  "  ■'  Creiuhton  .Mine    In  I'nif.  .V.  P.  Coleman. 

+175. 


(,\ccoiiipanyins  n'lmrt  No.  170.) 


howinx  Contact  of  Norite  and  Laurentian  in  vicinity  of  Creiuhtiin  mini — by  Prof.  .\.  I*. 
Coleman.     !,\ccoinpanyinK  reimrt  No,  170.1 


Note.  -1.     Mails  marked  thus  '  are  to  be  found  onl,\   in  relKirts. 

2.     .Matis   marked    thus  +    have    bis'n    printiil    indeis-ndently    of    retiorts.    hence   can    be    iirocurwl 
seitarately   b,\  applicants. 


Mil 


tl7ll. 
1177. 
tl7l.. 

tlM. 
tlM«. 

tlWi. 

tlwlll. 

tl«7. 

tl»7u. 

tlSK. 

tlWia. 

tlW. 

tl!Kl, 

tl'JI. 

tl»la. 

tl92. 

tlUi-:. 

tlM. 

1 10311. 

tl'J4. 

t2m. 

12(15. 

tSflSa. 

f2i)fl. 

+207. 

t2ns. 


(;i-«>l«iifii'iit  Mity  iif  Coi-inT  Cliff  (.(Tm'1     I.\    I'ruf.  A.  IV  Colt'itiun.     Arniiii|Hinv init  rt'i*irl  \...  17"  > 

N''- ^1  Mint' -hs  I'nif.  A.  I*,  ('ftlfiiian.     i.Xt-niiiiLHtnMnic  rctHirl  .\o.  170.) 

"'"'"inn  viciBil)  i.(  ."<inl.M' iinil  Nir.  :i  iiiini'«    ll^   I'mf.  .\  I'.  <'iil<<niiin.     iAriHiiii|iiiii>iiii 
rt-iKirt  .\o.  17"  ) 

MiiKm'ttiniflrtp  Surirv.  Wrtintl  Intt-n-iiv:  Hlnirhm  irun  miiM'.  Hi'liimnt  timn^hu).  rr(i>rlioriiiiBlt  iiiunty. 
Onlurii)    hj  K.  l.inili'liMll.  lllll.     Sful..  .'I»l  dvl  -1  inch.     lAciiiiniiiinsiim  ri'imrt  \n.  IM  i 

(itiilditiv'ill  Mill).  hlairti>n  into  liunr.  Itt'liiiont  lunn-<liii).  ri'liTlKirnuith  I'mint  \ .  Ontario  -  lij  I!.  I.inilfliian. 
lllll.    ScuU' 2"ii  ftt't  -  1  inrli.     '  ArniiiiLuinvinii  ri'iMirt  No.  1^*  i 

MaKnrtuiiifrrir  Survi-v,  Hfliniinr  iron  lit  in-.  Hi'liiioni  (oHn''liiii.  Pi'ltTUirnuKh  count  \ .( int.— 1»>  K.  I.intlt'iimn 
I'MI.     Scali.  I'lHl  fit't  =  1  inrh.     ^  Ari>4)iiii>anvinK  n>|iort   .\o.  IM.i 

(M>ol(i,iical  Maiv  Hi'liiionl  iron  min'-,  Itt'liiinnt  toHn-^tuii,  IVtiTlxiroutfli  rount.\,  Ontario  -li\  I;.  I.inili'iiian. 
I'.lll.    .S-iili' .'iiilfi'<-t  =  1  inrh.     >  \ii iKinvinn  ri'i».rt  No.  IM.i 

.^^«m•t«^ll•l^ic  Survi'V.  Vertiral  Intin-ilv:  St.  Cliarli's  iinni'.   Tuilcir  lown<lii|>.  Ilaalinii'-  I'ountv.  Ontirio— 
liv  l;.  I.inili'iii  in.  I'lll.     ."v-ulf  imilwl -1  ini'li.     <  AniiiiiininMnu  ri'imrl  .No.  IMl 

(iti>lnk.!(iil  Map.  St.  Cliurlf^  mini'.  Tucjor  toun..<liip,   Haiiinii.'  rnunt.v.  Ontario  -li>    l;.   I.inili-tiiiin.  ttlll. 
.Scale  .im  fit'l  «  I  incli.     (.Xniiiiiiianx  inic  ri'iiori  .No.  Isl, 

.Mai!n.'ioiiiilrip  Survey,  Wninil  Intin^iiM  llakiT  niine.  Tu'lor  town^liiiv  lla-iinit'>  roiini  \ .  Onlario-liv  l:. 
I.imli'iiian.  lull.    S<'aU.  211"  (ii't  =  l  mill.       ViToiiiiiinsinn  ri'imrt  No    IM.i 

(iiiilovinil  Mall.  Ilakcr  Mini>.  Tudor  lonn-hip.  llaMinH'i  rounl  n  .  Onlario— liv  V.  I.inili'iiian.  Il'll.     .Sralf 
2iKMi.«-t=l  inch.     ArrointKinMnK  ri-porl   No.  IM.) 

Mavni'toliii'tric  .Survey.  Verliial   Inten-ily:   KiiUe  iron  ore  ileiiii«it»,  Wollaatnn  tonn'>llip.   Ilaatinil't  rountj. 
Onlario    hv  !•:.  I.imleiiian.  I'lll.    .Svile  2ilii  (wt  •  1  ineli.     i  AitimipinMns  rei<irt  .No.  l«1.i 

Maineliilllelrir  .Survey  .  \  erlieal  Inlen-il  \    CiH'hill  .ind  Jenkin"  lliine>.  \\olla»lon  to«n<hin.  Ilai-linili  ciiunt  y. 
Ontario -lp\  l:.  I.inileiiian.  lllll.    SiMJe  .iim  fivt  =  I  mrh.     •  \i'i'oiii|iiinMnii  reimrt  No.  IM.l 

Ceoloiiiril  Map.  CiK'hill  anil  Jenkin-  iiiinei.  VVollu^lon  lo»n->liip.  lla-iinu-i'ountN .  Ontario -lis  K.  I.inilenian. 
lllll.     Scale  2IH1  feet  =  I  inch,     i AciiiinpunyinK  report  No.  Isl.i 

.Maiinelollietric  Survey.  Vertical   Intensity:   lleiKeiiier  iron  ore  ilepoi>it>.   Mavo  touniliip.   II  i-tinm  county, 
Onlario— hy  K.  I.inilenmn,  lull.     S<  ale  2  Kl  fivl  -  I  inch.     (.VccoiiipanMnii  report  .No.  IM.i 

(liHilouicnl  Map.  MeKn'iiier  iron  lire  ilepo-ii.«.  Mavo  lomniihip.  Hunting  countv.  Ontario    liv  10.  I.inileiiinn. 
I^lll.     .Scale  2IIII  (eel  =lin<'h.     i.\ceoiiipanyinii  report  No.  IH4.I 

Mnnnelonielric  Survey,  Ver;ical  Inleniitv:  Knnkin,  f'hili|.i.  anil  Steven-  iiiineK.  Mayo  lonniliip.  Ilaitiniii 
county.  Ontario-'.     K.  I.iniletnan.  liHI.     .Scale  2' "1  feet  =  I  inch.     .  Accompany  inii  reimrr  .No.  1H4.) 

Giiiloaiciil  Map.  Rankin,  fhihls,  nml  Steven.i  itiinei.  Mayo  lnwn»hip.  Ha^tinim  countv.  oniaiio— by  E. 
l.inilciiian.  lull,     .Scale  2lltl  fit'l  =  1  inch,     i.Vecoiiipanyina  report  .No,  Isl,) 

Mannetoiiietric  Survey,  Vertical  Inteniitv:  Kennedy  [iroprrl\    Carlow  township.  Hasi inns  counts ,  Ontario— 
liy  K,  l.indeiiian,  1011.     .Scale  2ini  feel  --- 1  inch.     f.\cco!ii|i.in\  in«  reinirl  .No.  IS4.1 

(li'olonical  Map.   Kennedy  properly,  Cii low  town-hip,  Ila.-tini:- county.  Ontario— liy  K.  Mndeiiian.  lllll. 
Scale  2I1II  fei't  =  1  inch.       .Vccoiiipanv  inii  report   .No.  IHl.i 

.Mar.neloiiietric  Survey,  \'ertica!  Inten-itv:  llow  Lake  iron  ore  occurrenci-i,  Fiirailav    town-hip,    llastinni* 
county,  Ontario— li>  K.  l.indeiiian,  loll.     Scale  2(111  fivt  =  1  inch.     lAeeomuanyinit  report  No,  IM.) 

Index  Map,  MaKnetiteiK'CurrencesalonK  the  Central  Onlario  Itailway-liy  K.  I.inilenian.  loll,     i  Xccompany- 
inic  report  No.  |M4.) 

MiiKneiometric  Map.  Moo-e  Mountain  iron-lM-arinn  il-'rirl.  Suilhurv  di-(rict.  Ontario:   l>e[io-it-  Noi.   1. 
2,  .'I,  4,  .5,  fi,  anil  7— by  K.  l.indeiiian.  1012.     (.Accollir   u    in::  reiKirt  .No.  2liri.  i 


(Jeoloiiicui  Map,  Moo-*-  .Mountain  irnn-l rinir  di-trict.  Sudliury  di-trict,  (  intario, 

4,  5,  rt.  and  7  -by  K.  l.indeiiian,     i  Accotiipany  init  reiKiri  ,Ni>.  2(iti.  I 

-Maiinelollietric  Sur\ev  of  Moow-  Mountain  iron-bearinn  ilisirict,  .Smlliiiry  di.-trict,  Ontarii 
IJepo-it  .No.  2— In  K.  l.indeiiian.  1012.     .Scale,  21111  fivl  =  I  inch.     lAccoiiipanyinR  report  .~ 


l)ei».-il-  No-.  1,  2.  :i. 

rn  pari  of 

( 

■  -i(.*  N'os. 


-Mannetoinetric  Survey  of  Mivi-|.  Mountain  iron-lM-aring  di-Hlriet,  Sudbury  di-trict,  Ontario: 
0,  and  Oy— by  !:,  l.indeiiian,  10|2,     ,Sc:iIe  2(1(1  feel  =   I  inch,     {.Vci'Oliipany  init  relmrt   .No.  2(ili 

.MaKnetometrie  Suryey  of  Moos*.  Mountain  iron  bearini!  di-trici.  Sudbury  di-trict,  Ontario:  l)e[to-il  No,  10 
—by  K.  l.indeiiian.  1012,     .Scale  2liii  fi'el  «  1  inch.     (Accotiipanyinii  report  No.  2(ifi.  i 


I 


X(»TE.— I.     Map*  nutrkiMl  thus  •  iirc  to  Vm*  founci  only  in  report!*. 

2.     Mitp.s  niiirkfd  thu-*  t   have  U'en   unntfd  inUependently  of  reports,  henre  cnn  In-  pnicurpd 

s<'iMir:iTi'|>   hy  a|it>lir:ints. 


IX 

t3()§«.  Matnetoniwrir  Survrv.  Mtwwi'  Mtnjntutn  trrni  Unirinc  (|i«trirt.  SurMiur\  th-rncf .  I  intiiriii:  tlit^ti'm  M>>rfi<iB  itf 
Drmjut  No.  II     liN  l:.  I.inili'tiiun.  KM.'.    Still',  ."inid'.'t  »l  imh.       Vicoii.nnMnn  ri'imrl  Nil.  »1  ' 

tifWIi.  M:t«ni*tiitni>lhr  Survi'v.  Mikw  Vluuntiiin  irnii  U>iirinii  iliitnct.  Suillmr.^  -h-trirt.  uniurm:  Wr.^ti-rti  («iriiii« 
.i(  l><'i>»il  .No.  II     li>  K.  I.mili'iiiiin.  I:M.'.    .-viili'.  .'i"i  fiiM  -  I  ini-h.       \riHHii|iiinMnii  ri'imrl  No.  JWi  i 

tlll.Sr  (ii'iifnil  f  Htiliitfiriil  Mfiii,  MiHiM'  Miiunhiin  inin-lH'iinliK  ili-lrn*t    Suillmr\  lii-itnrt.  (  inijrui     liv  V,    l.inili>ninll, 
I'll:'.     .S-ili'.  <«  Ni  fii>t  ^  I  inrh.     '  Vi'diiiiiHinMntf  ri'imrt    \ii.  -'(iii.i 


til".     I.muliiiiiiif  Ciii.in.r  SiiiiilliT.  inCiiiiiiilii     In  A.  W.  C.  WiUin.  I'h.  I>. 
IMinMnu  ri'iorr   No.  liitl. 


I'C   I  mil.-     I  inch.     ■  \v 


fli'i.     Minin/i  Di-lni-'i.  Vuknn    li.v   T.   \.  M:ii-I.r.in.     .S:.l..  :«  iiiili....|  mrli.     i  \iTiiriiii.in\  iin  rcimrt   No.  tri.l 
t'.'.'l.     I)ii»'«i!i    Mininii    lli-lni't.    Viil>i.n     In     T.    A.    MinLi'iin.     .-i:il.'  :'  piiili- .  I   inrh.        \ri'iini|>:in\inii  ri'iiirt 

12^2.     .Mmi-r;tl  Milt)  i>r  Ciiniiilti.    .S';ili>  llMl  iiiilfH^  1  inrli.     (.\cniiiiiHinvinic  ri-tHirt  \ii.  2:lit.i 

t24!l.     .Miinni'liiniilrir  .*iir\iv.  Ciililwill  unil  <':iiiiiiIb-II  iiiini'i.  CnliiLijiii'  ili.lm-t.   Hinfr.n  rount%.  I  (nmrio -by 
L,  l.initfniiin.  lull.    .*>f:ili'.  ;>iMi  fift '- 1  incli.     i.\rniritii;iQ.\iiia  ri-i«irt  Nn.  .'.*il  ■. 

tl'.VP.    MiiKn.'tiiiiii'irii'  ."igrn's.  Ulurk  lliiv  or  Willmm.  Mimv  ( 'iilulnnii-  ili-inii    lli  nfrcw  inuniv   linlnrio    hy  E 
l.inilfiiiiin.  I!lll.     Svili.  iimfifl  "I  inrh.     lAn-iinuKinyiliil  rnnin   No.  .'.il.i 

tJ'il.     MiiKni'lonii'irii'.Sirti'v.  KlulT  I'nlnt  iron  mini'.  ('»liilKiiiii<ili<itrirt.|{i'iifri'»  luunu.l  inhirio    In  K.  I.inilriiiu, 
IMII.     .S'lili'.  :*i«(  fii-i  ^  \  ini-li.        r  \iTiiMiiHinMnu  ri'imrt    .No.  L'.VI.) 

t.'.W.     Miiiniitoiin.iric  .Sirvi'v.  Culhiino  iiiin.'.  Cuhilxinii'  ili.lnit.   Ilt'nrri'w  iimniv.  iinliirm    In    K.   I.indvmu, 
lull.    Sr:ilr.  JiNl  fii't  =  I  inrh.     t  Vcniin(iim.\  inn  ri-[<ort  No. -54.) 

ta.W.     .V.iimitiiiiii'iric  .-iurviiv.  Miirtcl  or  WiUm  iron  iiiiiii-.  Cnliilioiii.'  ili.iricl,   ll-nfrin  rount\.  ( Inliirio— hy  E. 
l.inili'iiiMn,  lull.    .■M'.ili',  .'ml  tii'i  s.|  ini'li.      Ai'coiiiiiiinMnii  rivorl   .No.  .'."il,  i 

tJlil.     Miinni-iiiini.trir  Survi-.v.  Norl lmi.^1  Ann  iron  riinm'.  lot  .l:)'.l  I:.  T.  H.  I.uki-  TiiniiBinii,  NiDiwio*  ilnlriM. 
(lnt:irio-liy  I..   N.i-lrolM.  I!I0:|.     S<':ili'.  .'l»l  (ivl  -  1  inch. 


IN   TMK  PHKw 


268.  Miiuof  TViit  MoKH  Invr^tiicatnl  in  (iufU-c— t>v  A.  v.  Anrcp.  MMi. 

2B9.  I,arBoT.'!.  h'wUi  IV;»|  Hna.  (JupUt 

270.  Siii:ih  Ti-A  Ki.'lil  l'i-!.t  Una,  Uuv\h-p 

271.  I,jmnrii'  IV;it  l\ini.  tim'l».'f 

272.  St.  Ih.'icinthf  IS-ir  K.jt.  ljm't«T 
27:t,  UivU'Tfdu  I.oui»  Pi'iit  ll<iK 

274.  ("iiroun;!  I't-at  llim  .... 
27.1.  }a'  Parr  IVar  \iini.  (jmhiT 

27ti.  .-^t.  iH-ni'  lV.il  Mok.  (Jufl..n- 

277.  Ui\'.'n' UuflU- Pi-;it  Itiu,  (^u.-hfc 

275.  MikiM- Mimn(;iin  I'o.it  Fion.  (jUi-lnH* 

A'i'!ri,*.i  all  ritmmunirations  ^>- 


DiRECToK  Mink*  I1|[\n<-h, 

I)ep\kt\iknt  or  Mines. 

SirtMEX  Street,  Ottawa. 


Note.— 1.     Mjiii-*  mrir/vi'd  tJm^  •  arc  to  !«•  found  t»nly  in  reports. 

2.     Map-  iiiarkfil  tliun  t  have  Ui-n  printed  inilept>n<lently  of  report!*,  hence  can  t>e  procured  ^-paratety 

bj-  applicant. 


